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PHYSIOLOGICAL ONTOGENY. 

A. Chicken Embryos. 

II. Catabolism. Chemical Changes in Fertile Eggs during 
Incubation. Selection of Standard Conditions.* 
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(Accepted for publication, March 10, 1925.) 
introduction. 

KircliofE (1) stated that the object of mechanical science was “to 
describe completely and in the simplest manner the motions which 
occur in nature,” and so, from the standpoint of energetics, life may 
be viewed as a mechanism and described in terms of the absorption 
and elimination of energy. In the absence of external work, the 
developed energy resolves itself into heat, and as such may accordingly 
be estimated directly or indirectly, so it seems, by measuring the 
exchange of the respiratory gases. For a proper imderstanding of 
these processes one must know the quantity and quality of material 
ingested in a given unit of time, and what part of the absorbed poten- 
tial energy is retained and what part converted and dissipated as heat. 
The experiments to be presented in this paper deal with the latter 
factor since they involve determinations of the amount of carbon 
dioxide eliminated by embryos of successive incubation ages. These 
tests were supplemented by chemical analyses before and after incuba- 
tion. Tlic clicmical analyses were to serve also as a preliminary to a 
subsequent study of the changes in the constitution of the embiyo 
wiUi age, so that a comparison might be made of the concentrations of 
the more important substances inside and outside tlie embryo. 

It is important to know tlic amount of (1) fuel (carbohydrate, pro- 
tein, and fat) burned in embryonic metabolism, (2) water lost by 

* .An article of an introductory- n.iturc dealing with the general point of view 
from whicli these experiments were undertaken will be published elsewhere. 

I 
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evaporation, and (3) solid substance, if any, contributed to the 
developing embryo by the egg shell. We assume that the weight of 
all other non-oxidizable substances vdthin the egg remains constant 
throughout incubation. 

Preparatory to these and subsequent experiments it was necessary 
to establish suitable incubation conditions, the maintenance of which 
would increase the probability that development proceeded at approxi- 
mately the same rate in each egg. With this object a few observa- 
tions have been made upon the atmospheric temperature and h umi dity 
as variables modif}dng the constitution of the whole egg during 
incubation. 

The Source and Control of the Experimental Material. 

Unless it is stated to the contrary the management of the fertile 
egg as now described applies to all subsequent experiments of this 
series. The eggs are those of White Leghorn hens 9 to 18 months of 
age raised and kept on the same farm. They are collected several 
times a day, refrigerated at about 55°F. during the night, shipped 
the next morning and delivered cold at the laboratory the following 
day. Approximately 2 days after they are laid they are incubated in 
the laboratory. 

There are numerous variable factors which can modify the consti- 
tution of the egg as well as the rate of development of the blastoderm 
(2). Investigations at agricultural experimental stations have 
revealed that the amount of yolk, albumin, and water, as well as the 
thickness of the shell, vary according to the season, diet, and general 
condition of the bird (3). Variations in the relative proportion of 
these substances may also occur as a result of individual or chance 
happenings, such as the velocity of the egg’s passage down the oviduct 
whence the albmnin is derived, the time intervening between la 5 dng 
and collecting, the humidity and temperature of the surrounding 
atmosphere after laying and during transportation. As the initiation of 
ontogenesis by fertilization occurs in the upper reaches of the oviduct 
and as the process of egg formation in the hen usually takes from 18 to 
30 hours, the development of the blastoderm with differentiation of 
the three germ layers has already taken place by the time the egg is 
laid. Variations then in the duration of the egg’s stay within the 
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reproductive organs of the hen so affects development that no two 
embryos will be exactly the same age at the time of laying. Poultry- 
men recognize what are called body-heated eggs, that is to say, eggs 
held in the body of the fowl for 2 or more days. Since temperature 
conditions are suitable, development will be foimd to have progressed 
further than usual in such eggs. If, after laying, the temperature is 
ever raised as high as 72°F. it is said that growth of the blastoderm 
will commence and proceed slowly. Likewise, if a hen sits on the 
egg for a time after laying, the stage of development at the commence- 
ment of incubation will be more advanced than the average. These, 
then, are some of the factors, which in our experiments were more or 
less variable. Their importance could only be minimized by the 
accumulation of sufficient data, that is to say, by the statistical 
method. 

In a few of the subsequent experiments the eggs were kept in a 
Lo-Glo incubator at about 39°C. Once a day they were taken out 
into the laboratory and rolled. Later, when a constant temperature 
room was built, a water-jacketed copper box provided with a constant 
inlet of warm fresh air was used as an incubator. The maximum 
variation of temperature within the box was ± 0.4.‘ The eggs were 
turned once or twice a day and weighed at less frequent intervals. 
All manipulations were done in the room where the humidity was less 
than in the box, but the temperature was approximately constant at 
38.8° ± 1.0°C.i 


Weight and Surface Area of Eggs. 

The average weight of over 500 eggs before incubation was found 
to be 57.8 gm. It is stated in the literature that during incubation 
there is a loss of weight most of which can be accounted for by the 
evaporation of water. The extent of the loss was usually very vari- 
able, but there were found no analyses of the factors wliich determined 
it. As the amount of evaporation and gaseous e.xchange in the egg 
must be a function of its surface rather than of its mass, it was con- 
sidered advantageous to find a convenient method for measuring the 
surface area. Three simple indices were tried for each of twenty-seven 

* 0.4 and — 1.0 refer to the maximum range. 
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eggs: (1) the projected surface. To obtain this a piece of apparatus 
was constructed to hold the egg firmly in position resting on a flat 
sheet of paper. The greatest circumference of the egg was then drawn 
with a pencil held perpendicularly in a block and the enclosed area 
representing the largest cross-section of the egg was measured with a 
planimeter; (2) the product of the maxunum length and width; 
and (3) the two-thirds power of the weight (IT') of the unincubated 
egg. An appropriate constant by which to mifltiply the average result 
of each method was found by comparing each result vdth the actual 
surface as measured ■noth adhesive plaster. By comparing the average 
errors in the measurement of the surface by each formxfla, it was pos- 


TABLE I. 


Measured aud Calculated Egg Shell Surfaces Compared. 



Average of eggs 
(Nos. 1 to 27) 

* standard error,* 

Measured surface, sg. cm 

75.00 ±0.71 
56.94 ±0.82 
! 14.79 ±0.14 

5.07 ±0.10 

Wftiffht- 




measured surface 

wt 

Average deviation of individual, calculated surface from obser\'ed 
siirfaccj. sq. cm * . . 

±1.1 



* Standard error 


Standard de\dation 
VNo. of observations' 


sible to estimate approximately which method was the most accurate. 
The third method for which the equation is 5 =,5.07 11''^ gave the most 
satisfactory results. The average error was ±1.1 sq. cm. as compared 
to ± 1.9 and ± 1,6 sq. cm. for the first and second methods respec- 
tively, For this reason and because the method dispensed with 
aU measurements except the weight it was selected. (Table I.) 
It may, of course, be conveniently represented graphically, so that, 
knowing the weight, the value for the surface can be read off 
immediately. 

Using this formula to obtain the surface area a very slight correla- 
tion was found between surface and the amount of weight lost during 
incubation when other factors such as temperature and humidity 
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were kept constant. It was then surmised that perhaps the thickness 

of the shell might be a factor. The thickness of the shell was esti- 

, /Weight of shell\ m,' 

mated by findmg the weight per sq. cm. I 1. Ihis 


approximation for the thickness was compared with the average daily 
weight lost per sq. cm. It was foimd that the two varied inversely 
and that the correlation in this case was more definite than in the case 
of the egg surface. These estimations, however, are necessarily crude 
since-the thickness of the shell is not uniform. An egg with a heavy 
shell which has very small rarefied areas may lose more weight than 
one having a lighter shell of uniform thickness. This was shown to be 
a fact by making very small cracks in the shell, not sufficient to inter- 
rupt development. The result was that eggs so treated lost 50 to 
100 per cent more weight per day than the average. 

The conclusion was reached that, although the area and thickness 
of the shell were among the determining factors in the loss of weight 
during incubation, the thickness, which seemed the more important 
of the two, could not be measured with any degree of exactitude, 
and that, at least for present purposes, if care were taken to choose 
eggs of approximately uniform size and shell thickness, both functions 
could be neglected. 


The Weight of the Shell during Incubation. 

There seems at last to be general agreement about the fact that the 
shell, the most important clement of which is calcium carbonate, loses 
weight during incubation. The discussion on this point which origi- 
nated when William Prout (4) first affirmed in 1822 the passage of 
cartliy carbonates into the embrj'o from the shell, seems to have been 
largely the result of disregarding the great variability of eggs in almost 
all their characters. Whatever method is used necessarily involves 
estimations of the total shell weight or the amount of calcium in the 
shell or egg contents before and after incubation. As the same eggs 
cannot, of course, be used for botli determinations, and as egg shells 
before incubation varj' at least as much as between 4.5 gm. and 7.7 
gm. in weight, or between 7.7 per cent and 11.9 per cent of Uie total 
egg weight, it will not be c%ident whctlier there is a loss of such a small 
fraction as 0.3 gm. of shell substance during incubation unless a care- 
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ful statistical study is made. None of the previous investigators have 
chosen to do this. 

In 1908 Tangl (5) introduced an improvement when he limited him- 
self to a comparison of eggs from the same hen on a standard mineral 
diet. He believed that his figures showed a loss of 0.3 to 0.4 gm. of 
shell weight during incubation. His general conclusions have been 
confimied by Carpiaux (6) and again more recently by Plimmer and 
Lowndes (7). 

Tangl weighed and analyzed eight dried egg shells before incubation 
and fifteen after incubation. From his data it may be estimated that 
the shell weight was 9.64 ± 0.09 per cent- of the total egg weight before 


TABLE 11. 


Weight of Shell in Terms of Total Egg Weight before and after Incnhation. 


Incu- 

bation 

No. of 

ivnghed. 

Average 
weight of 
eggs 
before 
incuba- 
Cion. 

Average 
weight of 
shell. 

Avetage 
percentage 
weight of shelf. 

Average 

surface 

area. 

Scs.oTH'i 

Average 
weight of 
shell per 
sq. cm. 

Shell 
weight in 
an egg 
of average 
weight 
(57.8 gm.). 

Average 
loss of 
shell 
weight. 

days 


m. 

jm. 


sg. rm. 

gm. 

gm. 

gm. 

0 

35 

58.81 

5.767 

9.81 ±0.11 

76.6 


5.670 


17 

25 

59.09 

5.590 

9.46 ±0.14 

76.9 

0.0727 

5.468 

0.202 

18 

16 

59.28 

5.609 

9.46 ±0.09 

77.1 

0.0728 

5.468 


19 

22 

59.62 

5.580 

9.36 ±0.12 

77.4 


5.410 

B 


incubation, whereas after incubation it was 9.08 ± 0.10 per cent, the 
difference between these two averages being 0.56 ± 0.13 per cent. 
Tangl used a different variety of fowl (Plymouth Rock) from ours 
in his experiments, and took all his eggs from three hens. We, on the 
other hand, used eggs from White Leghorn hens and desired average 
figures representative of the whole flock. 

For our purposes it is necessary to know only approximately to 
what degree, and at what rate the solids of the egg are augmented by 
the addition of shell constituents. To learn these facts series of egg 
shells were weighed before and after 17, 18, and 19 days of incubation, 
respectively (Table H). The weights were obtained after drying the 


^ Unless otherwise stated the designation =*= 
standard deviation 

error; t.e., 0.6745 - - - . - 
y No. of observations 


a number refers to * the probable 
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shells in an oven. Before incubation the shells were 9.81 ± 0.11 per 
cent of the total egg weight; whereas after 17 , 18, and 19 days of incu- 
bation they were 9.46 ± 0.14, 9.46 ± 0.09, 9.36 ± 0.12 per cent, 
respectively, of the initial egg weight, the difference being conse- 
quently 0.35, 0.35, and 0.45 per cent. This might be compared to 
the difference found by Tangl after incubation, namely, 0.56 per cent. 
The greater loss of weight in his experiments is probably due to ^e 
fact that his incubated eggs were examined later, after 20 days of 
incubation. Tangl obtained greater differences in a later but smaller 
set of weighings (8). 
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Fig. 1. A comparison of the weight of the embryo (heavy line) as determined 
by the formula IF, ■= K 1*'® and the average loss of shell weight (black circles 
( ®)) as calculated from a scries of weighings (Table II) when e.xprcssed as func- 
tions of the incubation age. 


The differences are not great as judged by the criteria of statistical 
theory', and inasmuch as our results are comparable to those of Tangl, 
who had the advantage of working with eggs from tlie same hen, the 
data may be taken to afford a basis for an approximation which wotild 
probably allow for greater accuracy in computing the changes in con- 
centration of total solids during incubation. If there is a transfer 
of substance from tlie shell into the interior of the egg it must be known 
at what rate lliis occurs. Tangl showed a loss of 0.56 per cent in shell 
weight after 20 days of incubation. In an egg weighing 57.8 gm. tliis 
is equivalent to 0.324 gm. of shell substance. Using tin's figure 
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together with our oyti results, and plotting the loss of shell weight 
against the incubation age, it may be seen (Fig. 1) that the loss of 
weight increases tvith the wet weight of the embr^'^o, the latter being 
represented in the figure by the curve. This fitting may be coinciden- 
tal, but without the collection of a much greater number of observa- 
tions it may serx’^e as a basis for a simple appro.vimation which would 
lead to a greater degree of accuracy than would be obtained by neglect- 
ing time as a function in the loss of shell weight or neglecting the latter 
altogether. Carpiaux, as well as Plimmer and Lowndes, found 
approximately 0.04 gm. of CaO in the egg contents before incubation 
and 0.20 gm. after incubation. Now, as the work of Tangl and Car- 
piaux demonstrated no change in the constitution of the shell during 
incubation, and as the average of eleven analyses by Plimmer and 
Lowndes gave the CaO as approximately 50 per cent of the total shell 
weight, it would seem that the loss of shell weight during incubation 
was about 0.32 gm., a figure which almost exactly corresponds to our 
own. Plimmer and Lowndes in one series determined the hme in the 
egg contents on consecutive days. Their average results, when' 
multiphed by 2 to show the loss of shell weight, follow the trend of 
our graph, but are all somewhat lower. Since their chicks hatched 
later than ours, it might well have been that the embryos were larger 
in our series and thus more hme had been absorbed. 

From the graph it is seen that for every 1.0 gm. of embryo there is a 
loss of 0.01 gm. of shell substance, that is to say a gain of 0.01 gm. of 
total sohds in the egg contents. 

To obtain the weight of the shell before incubation, the following 
formula may be used: 

Lo = X« + 0.01 IF, (1) 

where Lo = the weight of shell before incubation, Lt = the weight 
of the shell after t days of incubation, and Wc = the wet weight of 
the embryo. 

It will be shown in a later paper that the weight of the chick embryo 
between the 5th and the 19th days of incubation may be expressed by 
the equation 
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where W t = the weight in mg. of the embryo, and i — the incuba- 
tion age in days. For L, the weight of solids derived from the shell 
and added to the egg contents, the following equation may be used. 



These figures w^ould be subject to a correction if it were known 
that some of the carbonates from the shell were transformed into 
carbon dioxide gas and as such passed out into the atmosphere. The 
metabolic determinations would likewise be affected. In the absence 
of the necessary data calculations have been made without correction 
as if the probable retention of CO 2 , due to the association of calcium 
carbonate, upon its dissolution from the shell, with carbonic acid to 
form bicarbonate, was compensated by the delivery of an equal 
amount of CO 2 when the calcium is reprecipitated to form bone in the 
embryo. 

The Conccniraiion of Water, Total Solids, and Fat durhig 

Incubation. 

The first experiment on the loss of weight during incubation was 
done while using a Freas incubator w'hich one ;vas required to open for 
other purposes several times a day. Thirty-three eggs were weighed 
every day throughout the incubation period as a preliminary test. 
There w'as found to be an equal distribution of fertile, unfertile, and 
degenerated eggs and these were all averaged together. The mean 
weight of all the eggs for each day was plotted against the time (Fig. 2) . 
The diagram shows that the dailj’- wrnght decrement is constant. 
The temperature w'as usually 38°C. in the incubator, but as the doors 
were opened periodically it dropped below this value at times. The 
presence of an electric fan w'hich circulated the air over the eggs has- 
tened evaporation. Once a day eacli egg in a large weighing bottle 
was removed into laboratory conditions for weighing. At this time 
it was rolled. Tlie humidity in the incubator was not measured. 

In subsequent e.vperiments information was sought on tlie effect of 
what we considered to be the two most important variable factors 
affecting incubation, namely (1) temperature and (2) humidity. 
Since poultrj-mcn have learned by experience that it is important to 
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roll eggs regularly, the surface of each egg was divided into three 
numbered sections by equidistant longitudinal axial lines. The eggs 
were placed on small rubber rings so tliat there should be no free 
motion and laid in the drawers so that their sides touched. "When 
rolled, each egg was turned two-thirds of the way round, so that the 
segment number next but one pointed upwards. It was found that 
among the eggs rolled tAvice a day there was a higher percentage of 
live embr3ms than among those rolled once a day or once every other 
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Incubation age 

Fig. 2. The average weight of thirty-three eggs, fertile and unfertile, during 
the entire period of incubatio.n. 

day. But since neither the weight nor the chemical constitution of 
the eggs was found to vary in any regular fashion, this factor tvas not 
investigated further. 

With the temperature constant three series of eggs were incubated 
at different concentrations of water vapor and periodically weighed. 
The hmnidity was determined by the use of dry and wet bulb ther- 
mometers. Eggs were opened on the 17th, 18th, and 19th days and 
the embryos therein as well as the rest of the egg contents were 
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analyzed for solids and fats. For the most part there were no differ- 
ences in the weight lost by fertile and unfertile eggs (Table HI, Fig. 3), 
between the 4th and 14th days of incubation the points in all cases 
approximated a straight line. It is therefore possible to compare the 
average loss of weight per day of eggs at different hmnidities. The 


iditi/ pQ 


IncubaUon age 

Fig. 3. The average weight of fertile (white circles (o)) and unfertile (black 
circles ( •)) eggs, incubated at humidities of 90, 65, and 23.5 per cent respectively, 
equated against lime (Table III). 

deviations from tlie straight line in the middle period it was thought 
were due to minor fluctuations in the humidity, a factor which it was 
never possible to keep quite constant. The humidity of the atmos- 
phere, apparently, determines the amount of weight lost during incu- 
bation (Fig. 4). This leads to tlie inference Uiat llic loss of weight 








TABLE III. 
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is due to the evaporation of water. For instance, when there is 100 
per cent humidity the egg loses no weight. The equation for this 
line is: 

Ea = 7.5 (100 - K) (3) 



Fig. 4. The average daily loss of weight of incubated eggs as a function of the 
humidity. The black circles ( •) represent averages of a relatively large series 
of eggs over the entire period of incubation; the white drdes (o) are averages from 
a small scries of eggs measured over a 2 day period. Points marked with the 
further notations + and “ and * refer to eggs kept at temperatures above 38.8° 
(+), just below 38.8° (°), and at laboratory temperature (*) respcctivelv 
(Table no. 

where 17„ = the average daily loss of weight (mg.) and h = humidity 
in per cent, and tlius 


U = 7.5 (100 - k)t (4) 

where E = weight in mg. of the water lost by evaporation in / daj's of 
incubation. 

As a confirmation of tlic initial findings a few shorter e.xperiments 
were performed (Table W)- Each white circle (o) (Fig. 4) on the 
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chart represents the average loss of weight of about a dozen eggs mea- 
sured over a 2 day period. The temperature was not the same in all 
these experiments. The points marked with a cross (-|-) represent 
experiments in which the average temperature was above, those with 
a circle (°) experiments in which the temperature was below 38.8°C. 
It appears that increasing the temperature augments the amount of 
weight lost by evaporation. The point far below the line in this 
figure was the result obtained when eggs were left at a laboratory 
temperature. 


TABLE IV. 


■ Average Loss of Weight per Day of Eggs Inculated. at Various Humidities. 


No. of eggs weighed. 

Average weight 
of eggs. 

Temperature. 

Humidity. 

Average weight lost 
per day. 


gm. 

“C. 

per ant 

gm. 

4 

58.0 

39.6 

93 

0.044 

52 

57.7 

38.2 

90 


12 

54 3 

39.2 

SO 


12 ■ 

58.0 

39.2 

77 

HUH 

31 

60.6 

38.2 

65 


10 

58.8 

38.5 

52 


10 

59.0 

21.7 

38 

H@H 

16 

57.1 

38.2 

23.5 

H^H 

12 

59.8 

39.2 

20 

HBH 

4 

61.2 

39.2 

20 


16 

60.8 

40.6 

16 

0.640 


There are factors of less importance. When eggs are isolated so 
that neither the sides of the drawer nor other eggs impinge upon them 
they lose more weight, and this occurs also when an electric fan blows 
air over their surfaces. Both arrangements serve to decrease the 
hmnidity in the immediate vicinity of the eggs and thus to favor 
evaporation. 

In other experiments we have made certain that for our purposes no 
account need be taken of the slight differences in average daily weight 
loss which are occasionally found during the first 2 or 3 days of incu- 
bation. When the eggs are first put into the incubator they are 
cold and their water content is variable. Due to such factors the loss 
of weight which commences immediately may be less regular and 
different from the constant rate attained later. 
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. The divergence on the part of the fertile eggs from the straight line 
during the last 3 or 4 days of incubation (Fig. 3) may, however, be of 
some significance to this study. Its explanation may furnish a clue to 
metabolic changes of importance. Any hypothesis descriptive of the 
phenomenon must take into accoimt the following experimental facts: 
(1) Whereas the unfertile eggs (®) continue losing weight at a constant 
rate, the daily decrement for the fertile (o) eggs becomes greater. 
It cannot be due, as was first thought, to an unusually long exposure 
(about 1 hour) to a humidity of 23 per cent while some of the eggs were 
being weighed and opened, because the unfertile eggs (©) which were 
used as controls, were subjected to the same conditions. (2) The 
extra loss of weight is slight, relative to the average daily decrement 
in eggs incubated at 23.5 per cent humidity, but in those kept at 
humidities of 65 and 90 per cent the increase in the daily loss during 
these last days of incubation is approximately equal to the previous 
average daily loss. 

Three possible interpretations of the observed phenomenon present 
themselves: (1) that the expired carbon dioxide is greater by weight 
than the oxygen inhaled during this period, (2) that some other gaseous 
product is eliminated, and (3) that there is an increased evaporation 
of water. The first two possibilities apparently do not fit the facts. 
As embryos, of the same age, developed at humidities of 65 and 90 
per cent, respectively, were approximately of equal weight regardless 
of the humidity, the increased decrement, which was different for each 
humidity, could not have been due to tlie loss of some metabolic 
product, such as carbon dioxide because the latter being- a function of 
some embryonic dimension would have been of the same magnitude 
under both conditions. Furthermore, if the loss of weight is due to 
tlic carbon dioxide output it must be the result of protein catabolism, 
since glucose is present in such small quantities that it may be 
neglected and when fat is burned the oxj^gen absorbed is greater by 
weight than the carbon dioxide lost. The urinary function in the 
chick has been said to start during the 2nd week and there is usually 
some fecal material in tlie amniolic ca\’itj" by the end of incubation. 
Even tliough no nitrogen is lost, tlierc may be and probably is some 
protein catabolism, tlie products being eliminated in the usual forms, 
such as urea, urates, creatinine, and amino acids into the amniotic 



16 


PHYSIOIOGICAL ONXOGENy, U 


fluid. Whether some of these nitrogen catabolites are reabsorbed is 
unhnown. It seems that but little protein is burned during incuba- 
tion, because in the metabolic experiments of Bohr and Hasselbalch 
(9) the respiratory quotient, during the latter half of incubation at 
any rate, was found to be about 0.710. Tangl’s experiments (8) also 
point to the fact that practically aU the energy involved is at the 
expense of fat. 

In considering the effect of the gas exchange upon the weight of the 
egg, reference may be made to the estimations of Loewy which indi- 
cate that for every 100 cc. of COj e limi nated as a result of protein 
metabolism there is a loss of 0.0181 gm. of weight; whereas for eveiy 
100 cc. of CO" from fat there is a gain of 0.0056 gm. of weight (Table 
V). Even if one assmnes that protein contributes as much as 20 


TABLE V. 

T/ie Respiratory Exchange and the Change in Weight When Protein and Fat Are 

Oxidized (after Liisk^. 


1 gm. ot solid. 

Respiratory gases. 

Difference in 
weight per 
gm. of soUd 
burned. 

Difference in 
weight per 

100 cc. COx 
expired. 

I Oxygen. | 

1 Carbon dioxide. 


CC. 

■H 

ce. 

gm. 

gm. 

gm. 

Protein. 

966.3 


773.9 

1.520 

-0.14 

-0.0181 

Fat. 

2,019.3 



2.805 

-hO.OS 

+0.0056 


per cent of the CO 2 expired daily during the latter part of the incuba- 
tion period, the loss from this source (0.0181 X 0.20 = 36.2 X 10“:*) 
would be more than neutralized by the gain in weight from fat metab- 
olism (0.0056 X 0.80 = 44.8 X 10-*). Much careful experimenta- 
tion has been done by Hasselbalch (10) and others to discover whether 
ammonia or some other N-containing gas is eliminated by fertile eggs. 
It was generally believed that some small variable fraction of expired 
air was in this form, rmtil the work of Krogh (11) and Tangl (8) which 
seemed to show that there was no loss of nitrogen during incubation. 
Our experiments are not intended to settle this point. The literature 
on the subject has led us to believe that its solution is of no particular 

® Lusk, G., The elements of the science of nutrition, Philadelphia and London, 
3rd edition, 1921, 62. 
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moment to our problem, since the amount of weight, if any, lost in 
such a form would appear to be practically negligible. Therefore, by 
a process of elimination we are led to the conclusion that the increased 
loss of weight during the latter part of incubation is due to an excessive 
elimination of water. 

It appears consequently that changes taking place in fertile eggs 
result in a modification of the factors conditioning evaporation. 
The temperature of the living organism is higher than that of the sur- 
rounding atmosphere, and the amoimt of heat manufactured is roughly 
proportional to the mass of active tissue. Therefore, when the embryo 
has attained significant size, the heat radiating from its surfaces 
modifies temperature conditions in the whole egg. We have observed 
under standard conditions that a thermometer placed against the shell 
of a fertile egg gives a reading, the heightof which above the surround- 
ing temperature varies in general with the weight of the embryo. 
The change is not noticeable until near the end of incubation. As 
vapor tension is a function of temperature, it would seem on theoreti- 
cal grovmds that in consequence of the amount of heat produced by 
embryos of advanced age there should be an acceleration of evapora- 
tion, other factors being equal, diuing the last few days of incubation. 
Possibly the circulation of blood in the respiratory membrane which at 
this period covers the inner surface of the shell affords a more effective 
evaporating mechanism than the undifferentiated albiunin. Finally, 
as will be shown later, the concentration of water in the egg rises dur- 
ing these last few days of incubation due to catabolic processes within 
the embryo so that for this reason the vapor tension and, consequently, 
the evaporation of water may be increasing. These suggestions are 
offered as explanations of the increased increment loss of weight dur- 
ing the last daj's of incubation. In the eggs incubated at very low 
humidities (23 per cent), however, there seem to be factors within the 
egg which limit evaporation. 

In \'iew of such considerations regarding the excessive evaporation 
of water at humidities between 65 and 90 per cent greater accuracy' 
is obtained on the 17 th, 18th, and 19th days of incubation by substi- 
tuting for equation (4) the following 

11 = 7.5 (100 - K)t + 7,5 (100 - « (/ - 16) (5) 
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where E = water lost by evaporation (mg.), h = humidity (per cent), 
and t = incubation age (days). 

The equations which are now available express approximately the 
daily loss of weight of the whole egg (and thus the evaporation of 
water) as a function of the humidity, and the loss of weight of the shell 
(and thus the gain in weight of total solids within the egg) as a func- 
tion of time. At any time during incubation by the use of one or more 
of these equations the original weight of the contents of any egg may 
be estimated, and thus an approximate value for the quantity of sohd 
material before incubation may be obtained. By comparing the latter 
with the amount of solid material actually foimd after incubation it 
shoxild be possible, despite the great variability of the eggs, to calcu- 
late within limits how much solid material is burned during 
incubation. 


TABLE VI. 

Analysis of Unincubated Eggs. 



No. of eggs 
analyzed. 

Per cent of egg 
contents. 

Per cent of 
total solids. 

Gm. per 100 
gm. H:0. 

Total solids 

37 

24.7 ±0.1 

100 

32.8 

Fat 

11 

11.1 

45.0 ±0.8 

14.7 

Nitrogen 

9 

1.9 

7.6 ±0.1 

2.5 

Protein (6.25 N) 


11.7 

47.5 

15.5 


The water content of the egg was obtained by subtracting from the 
weight of the whole egg the dried weight of tlie contents and the dried 
shell. Before drying the shell the albmninous material adhering to 
the inner surface of the shell membrane was washed off with distilled 
water and included with the rest of the egg contents. The egg sub- 
stance was dried, (1) exposed to the air in an oven at 102°C.; (2) in a 
vacuated desiccator over HsSO. at 60°C.; and (3) in a vacuated desic- 
cator over phosphorous pentoxide at 102°C. The results obtained by 
the three methods were comparable, and as the first was the simplest 
it was thenceforth used exclusively. 

The average concentration of water in thirty-seven eggs before 
incubation as they were received in the laboratory was 75.3 ± 0.1 
per cent. The concentration of solids was therefore 24.7 ±0.1 per 
cent (Table VI). 
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Let 

W = weight of whole egg before incubation, 
io = weight of shell before incubation. 

Li = weight of shell after t days of incubation. 
Wt = weight of embryo. 

So == weight of solids before incubation. 

St = weight of solids after I da>’s of incubation. 
S = weight of solids burned. 

Now since 


io = it + 0.01 TI% 


(I) 


and the solids represent 24.7 per cent of the egg contents, then 
So = 0.247 (IF - - 0.01 IT^) 


and 


S == 0.247 (IF - L, - 0.01 IF.) ~ S, 


The terms on the right side of the equation are all measurable. 

Two sets of fertile eggs incubated at 90 and 65 per cent of humidity 
respectively were analyzed after incubation (Table Yll). They are 
peculiarly irregular, but the averages seem to show a certain uniform- 
ity. As will be seen later there are reasons to believe that these are 
sufficiently accurate for our purposes. 

t^ffien the humidity of the incubator air is changed, there is an 
accompanying change in the concentration of substances composing 
tire yolk and albumin due to the evaporation of water of the eggs. 
Within rather wide limits such modifications have, however, no 
measurable effect upon the development and chemical differentiation 
of the embr>’-o. The passage of substances into tlie embryo is not 
conditioned to any great e.Ktent by such external factors. As v,ith 
many glands and other organs in tiie body, there appears to be cii- 
dcncc of selective absorption, so called, which to a large extent is 
independent of the concentration or total mass of the substance to 
be absorbed. The dei’ices used to sjanbolize membrane equilibria 
in non-liidng colloidal systems are therefore not descriptive of the 
phenomena under observation; and one must resort in the present 
state of ignorance to certain specifically biological concepts. Haldane 
(12) believes, it seems, that the latter arc axioms, characteristic of 
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and peculiar to living organisms and not to be resolved into chemical 
and physical terms. In pursuit of this general idea and in order to 
gain information of the phenomena underlying the movement of ele- 
ments in and out of the embryo (absorption and elimination) it is 
desirable to know in approximate terms the changes in the concentra- 
tion of the more important constituents of the whole egg during 
incubation. 

It was necessary to know not only what substances are burned but 
also at what rates. In view of the literature on the subject the solids 
were analyzed for fat. The results may be seen in Table VHI. The 
fat content was determined by alcohol-ether followed by pure ether 
extraction in a Soxhlet apparatus. Before extraction and once during 
the latter part of the extraction process the dried substance was 
thoroughly ground in a mortar. The extraction process lasted about 
20 hours. After extraction the flasks were dried to constant weight 
over paraffin in a vacuated desiccator. The term “fat” is henceforth 
used as synonymous with the extract thus obtained. 

Since individual eggs show considerable variation our results are 
not very regular. The sensible maximiun deviations in the content 
of total solid and fat before incubation (Table VT) were 1.6 per cent 
and 4.0 per cent, respectively; this amounts, then, to a possible error 
of ± 0.8 gm. in our calculations for (solid content before incubation 
(Table VII)) and appro.ximately ± 1.3 gm. for Fo (fat content before 
incubation (Table ^TII)), since the latter estimation in^mlves both 
errors. The maximum deflations from the mean in our values for 
S, the amount of solid burned during incubation, were well within 
these figures (Table VII), and therefore we were not led to seek 
further for an e.xplanation of the apparently irregular variations. 
A comparison between the total amount of solid substance (28.362 
gm.) and of fat (28.059 gm.) lost during incubation by twenty-two eggs 
shows -a close correspondence (Table VIIE). Approximately 98 per 
cent of the oxidized solid substance seems to be fat. Tins is corrobo- 
rative of previous work, but ma}’’ not be more accurate than i 10 per 
cent. Tangl and von hlituch (8) found by tlie analysis of the contents 
of six fertile eggs after the incubation period that practical!}' all the 
loss of solids could be accounted for by the o.xidation of fat. Bohr 
and Hasselbaldi (9) came to the same conclusion when they found that 
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the respiratory quotient for chicken embryos during the greater part 
of incubation was approximately 0.710. It must be kept in mind that 
the available figures show irregular variations, that the respiratory 
quotients for egg fats and proteins are not accurately known and that 
other transformations (carbohydrate formation from protein or fat) 
may take place within the embryo to vitiate conclusions from respira- 
tory data. Nevertheless in view of the literature and our own con- 
firmatory data it seems that for onr calculations it is a justifiable 
assumption that fat only is oxidized during incubation. 

There are certain reasons, as Tomita (13) and more recently Need- 
ham (14) have pointed out, for supposing that some glucose is metab- 
olized before the 10th day of incubation. In the first place Bohr and 
Hasselbalch found a respiratory quotient of 0.89 as an average for the 
first 5 days of incubation; secondly the trace of glucose, which is known 
to be present at the start of incubation, is no longer to be foimd in the 
egg contents outside of the embryo after the 1st week of incubation 
(IS, 16); and finally the curve for the concentration of lactic acid in 
the whole egg which was constructed by Tomita as a result of a large 
number of determinations, and is an index according to the author of 
glucose metabolism, rises at the start of incubation, reaches its ma.xi- 
mum on about the 4th day, and then declines. 

It is uncertain when the end-products of nitrogen metabolism first 
appear in the allantoic sac; but if experiments were to prove that there 
was a procession of glucose, protein, and fat as sources of energy the 
findings might be correlated to the change with age in the value of the 
respiratory quotient as portrayed in Needham’s graphical representa- 
tions of Bohr and Hasselbalch’s figures. Later it may be possible to 
determine the truth of this hypotlicsis and to estimate how much 
carbohydrate and protein metabolism occurs. The embrj'o’s mass 
is so insignificant in tlie beginning of incubation that during the first 
91 days (one-half of the period under obser\’ation) only one-seven- 
tccntli of the amount of solid substance eventually to be burned is 
lost. There would probably be an error of no more than 5 per cent if 
tlie catabolism of the first half of incubation were calculated on the 
basis of fat, instead of carbohydrate and glucose. 

Assuming Uicn that only fat is o.xidized, determinations were made 
of tlie rate of fat catabolism at each incubation age. There were 
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before us the tabulations of total oxidized solid (Table VII) for the 
16 th to the 19 th day inclusive, but these were not sufficient to extrap- 
olate earlier values. There were also at hand the careful researches 
of BohrandHasselbalch (9, 17) on the metabolism of cliicken embryos; 
but in their experiments the breed of the hen laying the egg was not 
recorded, the conditions of incubation were not fixed, the chicken 
weights for some ages were quite different from our own, the weights 
of the embryos actually used in the metabolic' tests were not deter- 
mined, and finally inspection revealed unusually large variations in 
the results. It was therefore considered necessary to determine for 
ourselves the carbon dioxide expiratory rate throughout incubation. 

Carbon Dioxide Production. 

The apparatus used was similar to the conventional pattern 
(Fig. 5). Air was drawn by suction at a constant rate through soda- 
lime and water vapor into a glass bottle containing the egg, and then 
successively through sulfuric acid (tube G), soda-lime (tube H), and 
sulfuric acid (tube J) . The difference between the combined weights 
of tube H and tube J, before and after a certain interval of time, is 
the weight of carbon dioxide eliminated by the egg in that time. 

The foUovmg experiments were made and repeated in order to test 
the efficiency of the apparatus: 

(1) Barium, hydroxide in tubes through which COs-free air had been passed 
were placed in the circuit after vessel C and tube J. Absence of turbidity, or a 
precipitate, indicated that the CO 2 was being properly absorbed. 

(2) A second sulfuric acid tube was put into the circuit after tube G. No 
change in its weight after a long period of circulation indicated that tube G was 
absorbing all the water. 

(3) Air was circulated for several hours through the empty apparatus. There 
was no change in the combined weight of tubes H and J. 

The rate of flow of air which was nearly saturated with water in all 
experiments was constant at 3 liters per hour, so that in the larger 
embryos only did the surrounding atmosphere approach a concentra- 
tion of CO 2 as great as 0.5 per cent. In some of Hasselbalch’s experi- 
ments the concentration rose above 0.5 per cent without any notice- 
able change in the metabolic rate, according to the authors, so that 
we were led to consider this a factor of little significance. It was found 
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that within Yide limits a change in the hmniditj’’ during the short time 
that the test lasted did not affect the rate of CO 2 elimination. 

Bohr and Hasselbalch laid considerable emphasis upon the elimina- 
tion of CO; by the shell. In these experiments it was assumed that 
after carbonic acid equilibrium hadbeen fixed between the egg and the 
surrormding atmosphere there would be no measurable interchange 
in either direction, and that this condition could be achieved by allow- 
ing for a preliminary period of circulation before commencing the 
experiment. No test was commenced until air had flowed through 
the apparatus at the same constant rate for at least half an hour in 



Fig. 5. Diagram of apparatus set up on a table in a constant temperature room 
to measure the carbon dioxide production of chicken embiyos. 

A = flow-meter; B = bottle of moist soda-lime; C = bottle with a small 
quantity of barium hydroxide solution at the bottom for the purpose of moisten- 
ing the air passing over it and of giving evidence, by the formation of a thin 
superficial film, of the presence of any COi in the air; D — egg resting in a glass 
bottle with two outlets and a ground glass stopper through which passes E; E 
= thermometer, the bulb of which lies against the shell; F - two-way stop-cock; 
G == pumice and sulfuric add tube; H - moist soda-lime tube; J - pumice and 
sulfuric add tube; M = two-way stop-cock; K = trap; L = dial on a needle 
valve to indicate flow of air into suction tube. 

the older embrj'os and for an hour in the embrjus less than 10 days 
old. In a number of the experiments values were obtained for the 
CO” output of single embrj'os over short successive periods. The lack 
of a regular decline or increase in their metabolism showed that a 
plateau or a relatively constant rate is atUuned after half an hour. 

Mr. J. B. S. Haldane has called my attention to the fact that as the 
egg white has an alkaline reaction during the early stages and is said 
later to become acid (IS), the cliangc in pH may be due in part to the 
retention of CO: formed in metabolism. The figures for CO- elimina- 
tion, particularly for the younger embrj-os may accordingly be too 
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low. Moreover, as mentioned above, the influence of the carbonates 
from the shell is at present undetermined. As they enter into solu- 
tion there may be a retention of CO2 and as they become reprecipitated 
in the bone, there may be an equivalent liberation of the gas. If these 

TABLE DC. 


Carbon Dioxide Production of Chicken Embryos. 


1 

ESff 

weight. 

Age. 

Embryo. 


Dura- 
tion of 
test 

CO* per 
24 hrs. 

CO* per 
24 hrs. 
pergm. 

Weight 

Log 

weight. 

Sex. 


gm. 

days 

mg. 



“C. 

hrs. 

cc. 

cc. 

1 

57.8 

6 

330 

2.52 


38.5 

5 

9.5 

28.6 

2 

59.4 

6 

526 

2.72 


38.0 

6 

15.7 

29.8 

3 

60.5 

8 

815 

2.91 


38.8 

6 

25.2 


4 


7 

832 

2.92 


38.7 

3 

25.1 


5 

57.0 

8 

1,213 

3.08 


38.9 

4 

31.5 

26.1 

6 

58.3 

9 

1,542 

3.19 


38.8 

4 

46.3 


7 

58.9 

9 

1,726 

3.24 


38.7 

6 

50.9 

29.5 

8 

59.9 

10 

2,534 

3.40 


38.8 

5 

70.3 

27.8 

9 

59.5 

11 

3,494 

3.54 


38.7 

5 

94.5 

27.1 

10 

60.2 

11 

3,650 

3.56 

M. 

38.7 

1 

101.8 

27.8 

11 

1 58.3 

12 

3,812 

3.58 

F. 

38.9 

1 

106.9 1 

28.0 

12 


12 

5,411 

3.73 

M. 

38.8 

1 2 

I 150.3 

27.8 

13 

57.1 

13 

8,629 

3.94 

F. 

39.0 

li 

213.3 

24.7 

14 

57.1 

14 

10,618 

4.02 


38.8 

1 

259.3 

24.7 

15 

58.0 

14 

11,562 

4.06 


37.8 

1 

261.7 

22.6 

16 

59.1 

14 

12,113 

4.08 

t( 


1 

230.3 

19.0 

17 

56.4 

15 

14,862 

4.17 

(t 

39.1 

1^ 

322.4 

21.7 

18 

56.6 

16 

15,105 

4.18 

(€ 

39.0 

IJ 

320.0 

21.2 

19 

58.4 

16 

18,229 

4.26 


39.0 

1 

363.6 

19.9 

20 

58.7 

18 

22,314 

4.35 

F. 

38.7 

1* 

373.3 

16.7 

21 

56.3 

17 

22.745 

4.36 


38.6 

1 

387.8 

17.0 

22 

63.6 

18 

25,850 

4.41 

ic 

38.9 


357.0 

13.8 

23 


16 

15,826 

4.20 

M. 

38.9 

1 

326.0 

20.6 

24 


17 

18,181 

4.26 

U 

38.8 

1 

348.0 

19.1 

25 


18 

23,968 

4.38 

F. 

38.8 

1 

358.0 

16.9 

26 


19 

25,218 

4.40 

U 

38.7 

1 

368.0 

14.6 


two processes are not occurring simultaneously there will be errors in 
the figures for metabolism. Some of the more evident sources of error 
such as these will be investigated at a later date, but in the present 
study they have been neglected. 

The results of our experiments have been tabulated (Table IX) and 
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the CO 2 production per 24 hours, equated against the logarithm of 
the embryonic weight (Fig. 6). Through the points on the chart a 
smooth curve may be dra^vn and then may be read off on the curve the 
values (Column 2, Table X) which correspond to the logarithms of 
the weights reported elsewhere as the averages for their respective 
ages (Column 1, Table X). This indirect method of arriving at the 
CO 2 production rate in terms of incubation age is more accurate, since 



Fio. 6. The CO- production per 24 hours equated against the logarithm of 
the wet weight of the embrj-o. The graph to describe theoretically tlie locus of 
the points was drawn by inspection (Table EJc). 

the correlation of catabolism with embrj'onic weight is closer than 
witli age. The average embrj'onic weight at each age has been fixed 
witli relative certainty by several hundred weighings. It is therefore 
justifiable to draw the curve e,xprcssing tlie rate of CO- production in 
terms of embtyonic age (Fig. 7). By measuring with a planimcter 
tlic area under Uie graph for cadi day, tlic integrals may be obtained 
which give die total CO- elimination since the beginning of incubation 
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as a function of time (Column 3, Table X). Assuming that the CO 2 
is derived from fat catabolism the values given in Table V may be 
used for calculating total solids burned since the beginning of incuba- 
tion. (Column 4, Table X). These may then be compared to the 
figures obtained from the chemical analyses (Columns 5 and 6, Table 
X). There can be little question but that the correspondence is 
satisfactory (Fig. 8). 


TABLE X. 


Catabolism as a Function of Embryonic Age and Weight. 


Age. 

(1) 

Embryo 

weight. 

(2) 

CO: per 24 
i^s. 

(3) 

Total COj. 

(4) 

FotS 
Total solid 
(calculated). 

(S) 

Total solid 
(determined). 

(6) 

Total fat 
(determined). 

days 

mg. 

u. 

CC. 

gm. 

gm. 

gm. 

4 



2.0 

0.001 

. 


s 

221 

6 

6.0 

0.004 



6 

423 

12 

14.4 

0.010 



7 

735 

22 

30.4 

0.021 



8 

1,189 

35 

58.4 

0.041 



9 

1,879 

54 

104.0 

0.073 



10 

2,661 

74 

168.0 

0.118 



11 

3,750 

102 

254.0 

0.178 



12 

5,105 

132 

368.0 

0.258 



13 

6,839 

171 

518.0 

0.363 



14 

8,974 

215 

706.0 

0.495 



15 

11,460 

262 

940.0 

0.659 



16 

14,390 

315 

1,224.0 

0.857 



17 

17,950 

350 

1,560.0 

1.093 



18 

22,030 

366 

1,922.0 

1.346 



19 

26,670 

368 

2,290.0 

1.605 

1.664 

■m 


In Column 1 are the embrj'onic weights at different ages as obtained from the 
formula W, = 

In Coliunn 2 are the values for the rate of CO 2 production as read from the 
curve in Fig. 6. 

In Column 3 are given the figures for the total amount of CO 2 produced since 
the beginning of incubation as obtained by summing the areas imder the graph 
in Fig. 7. 

The values in Column 4 were obtained by assuming that only fat substances 
were oxidized and that 1 cc. of CO 2 is equivalent to approximately 0.0007 gm. fat. 

The figures in Columns 5 and '6 are derived from Tables VII and VIU 
respectively. 
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•There are now sufficient data at hand to calculate the concentration 
of solid substance of an egg of average size throughout incubation 
under any conditions of humidity. The results are shown in Table 
XI, and below the table are given the values and empirical equations 
which were used in the calculations. 



Days 4 6 8 10 12 14 16 16 

Incubation age 

Fig. 7. A graph drawn to show the rate of CO: production per 24 hours as a 
function of age (Column 2, Table X). The perpendicular lines define areas which 
represent the total CO: production for each 24 hour period. The summation 
of these will give the COj production since the beginning of incubation (Column 
3, Table X). The black drdes arc the points given by Bohr and Hasselbalch. 

The cun’cs in Fig. 9 represent the concentrations of solid substance 
as calculated during the entire incubation period for humidities of 67.5 
per cent and 91 per cent.'* It is seen that the correspondence between 
tlie actual values as represented b\' circles and the theoretical curves 
is close, an observation which supports ourassuraption tliat the various 
steps whereby these values were obtained have empirical justification. 

* Corrected from 65 and 90 per cent respectively according to Fig. 4. 
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In the eggs incubated at 90 per cent humidity the embryos were in 
general somewhat larger, but it was quite common to find mold 
colonies adherent to the inner surface of the shell. Due to the fact 
that the humidity under a hen is said to be about 60 per cent and that 
our eggs kept under these conditions (65 per cent) gave the highest 
percentage of live embrjms, it was decided to maintain the humidity 



Dsys 4 6 8 10 12 14 16 15 20 

IncuOation age 

Fig. 8. A curve to show the total amount of solid (or fat) oxidized during 
incubation when the assumption is made that fat only is burned. The graph 
may be compared to the black circles ( •) which represent total solids, and the 
white circles ( o) which represent fat as actually determined (Tables VII and 

vni). 

constantly between 65 and 70 per cent (average 67.5 per cent) and the 
temperature at 38.8 ± 0.4°C. 

With these data at hand one can construct a theoretical table, which 
will give the content of total solids, fat, and nitrogen for each day 
of incubation under those conditions which have been arbitrarily 
selected as a standard (Table XII). 



TABLE XI. 


Conceniration of Solids in ike Whole Egg during Incubation. 


Age. 


L 

S 

fl 

Humidity 91 per cent. 

Humidity 67^ per cent. 

H 


Bt 

Si 

Bt 

B 


Bt 

5, 

Bf 

days 



gm. 

gm. 

m. 

£tn. 

gm. 


gm. 

gm. 

gm. 


0 




12.86 


52.10 

39.24 

32.8 

0 


39.24 

32.8 

1 




12.86 



39.17 

32.8 

0.24 

51.84 

38.98 

33.0 

2 




12.86 

Qffi 


39.11 

32.9 

0.48 

51.62 

38.76 

33.2 

3 




12.86 

IhBS 

51.90 


32.9 

0.73 

51.37 

38.51 

33.4 

4 




12.86 

0.26 

51.84 

38.98 

33.0 

0.97 

51.13 

38.27 

33.6 

5 

221 



12.86 

0.33 

51.77 

38.91 

33.0 

1.21 

50.89 


33.8 

6 

423 



12.85 

0,40 

Vm 

38.85 

33.1 

1.45 

50.65 


34.0 

7 

735 


0.02 

12.85 

0.46 


38.80 

33.1 

1.69 

50.42 

37.57 

34.2 

8 

1,189 

Rn 

0.04 

12.83 

0.53 

51.58 

38.75 

33.1 

1.94 

50.17 

37.34 

34.4 

9 

1,879 

QR ' 

0.07 

12.81 

0.59 

51,53 

38.72 

33.1 

2.18 

49.94 

37.13 

34.5 

10 


InBi 

0,12 

12.77 

0.66 

51.47 


Enp! 

2.42 

49.71 

36.94 

34.6 

11 

3,750 



12.72 

0.73 

51.41 

38.69 

32.9 

2.66 

49.48 

36.76 

34.6 

12 

5,105 

0.05 


12.65 


51.36 

38.71 

32.7 

2.90 

49.25 

36.60 

34.6 

13 

6,839 

0.07 


12.57 

0.86 

51.31 

38.74 

32.5 

3.14 

48.06 

36.46 

34.5 

14 

8,974 


■Me 

12.46 

0.92 

51.27 

38.81 

32.1 

3.39 

48.80 

36.34 

34.3 

15 

11,460 

0.11 

0.66 

12.31 

0.99 

51.22 

38.91 

31.6 


48.58 

36.27 

34.0 

16 

14,390 

liiWc! 

0.86 

12.14 

1.06 

51.18 

38.04 

31.1 

3.87 

48.37 

36.23 

33.5 

17 

17,950 

0.18 

1.09 

11.95 

1.19 


39.14 

30.5 

4.36 

47.92 

35.97 

33.2 

18 

mm 


1.35 

11.73 

1.32 


39.27 

29.9 

4.84 

47.48 

35.75 

33.8 

19 

j26,670 

0.27 

1.60 

11.53 

1.45 

SB 

39.39 

29.3 

5.32 

46.05 

35.52 

32.5 


TT^ = 57.8 = weight of whole egg (average 500 + eggs) before incubation. 
Lq = 5.7 = weight of shell (9.81 — 0.11 percent) before incubation. 

If'^o = 52.1 = weight of egg contents before incubation. 

Tf^ = weight of egg contents after i days of incubation = If’o — B. 

Bo — 39.24 = weight of water (75.3 per cent) before incubation. 

Bt = weight of water after i days of incubation = Wt — 5j. 

So = 12.86 = weight of solids (24.7 per cent) before incubation. 

S/ = weight of solids after t days of incubation — Sq — S + L. 

S = weight of solids burned (r/. Column 4, Table X). 
p.e 

“ j“ 4 ^ “ weight of embt^-o (mg.) (c/. Column 1, Table X). 

p.! 

L = 0.01 ir, = “ weight of solids added to the egg contents from the 

shell (gm.). 

B ■= 0.0075 (100 — /:) { = water lost by evaporation (0 — 16 daj-s). 

B •= 0.0075 (100 — h) t -i- 0.0075 (100 — A) (/ — 16) «= water lost bv cvripo- 
ration (17 - 19 davs). 

5, 

U, " per 100 gm. H:0) after /days of incubation. 

51 
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TABLE XH, 

Solid, Fat, Nitrogen, and Water in Egg Contents during Incubation under 
Standard Conditions. 



(1) 

(2) 

(3) 

W 

L 

(6) 

Age. 





Per cent « 


Solids « 

Water = Jlf 

Fat « Pf 

Nitrogen as 

A', 

• St 

c, 

days 

Sm, 

gm. 

gm. 

gm. 

per cent 


0 

12.86 

39.24 

5.79 

0.974 

7.57 

1.00 

1 

12.86 

38.98 

5.79 

0.974 

7.57 

1.00 

2 

12.86 

38.76 

5.79 

0.974 

7.57 

1.00 

3 

12.86 

38.51 

5.79 

0.974 

7.57 

1.00 

4 

12.86 

38.27 

5.79 

0.974 

7.57 

1.00 

5 

12.86 

38.03 

5.79 

0.974 

7.57 

1.00 

6 

12.85 

37.80 

5.78 

0.974 

7.58 

1.00 

7 

12.85 

37.57 

5.77 

0.974 

7.58 

1.00 

8 

12.83 

37.34 

5.75 

0.974 

7.59 

1.00 

9 

12.81 

37.13 

5.72 

0.974 

7.60 

1.00 

10 

12.77 

36.94 

5.67 

0.974 

7.62 

1.01 

. H 

12.72 

36.76 

5.61 

0.974 

7.66 

1.01 

12 

12.65 

36.60 

5.53 

0.974 

7.70 

1.02 

13 

12.57 

36.46 

5.43 

0.974 

7.75 

1.02 

14 

12.46 

36.24 

5.30 

0.974 

7.81 

1.03 

15 

12.31 

36.27 

5.13 

0.974 

7.91 

1.04 

16 

12.14 

36.23 

4.93 

0.974 

8.02 

1.06 

17 

11.95 

35.97 

4.70 

0.974 

8.15 

l.OS 

18 

11.73 

35.75 

4.44 

0.974 

8.30 

1.10 

19 

11.53 

35.52 

4.19 

0.974 

8.45 

1.12 


Columns 1 and 2 from Table XI. 

Column 3, (Fq = 0.45 So — 5.79 gm. (Table \T); Ft = 5.79 — 5 (Column 4, 
Table X). The initial concentrations for fat and nitrogen are derived from 
Table VI. 

Column 6, Ct = the constant at t days, by which the initial preincubation 
concentration of any substance (if expressed as per cent of dry solid) must be 
multiph'ed to find the normal curve, which may be used as a base line for compari- 
son with the values actually obtained. The reason for this is that due to the 
continuous loss of oxidizable solid during incubation the concentration of any 
substance, if unaffected during incubation, will nevertheless appear to rise, since 
the total amount of solid substance is falling. 
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Fig. 9. Theoretical curves to indicate the changing concentration of solids 
(gm. per 100 gra. HiO) in the whole egg during the incubation period at humidities 
of 67.5 and 91 per cent (Table XI). The black circles show the values actuall}' 
obtained (Table I'll) in eggs incubated at these humidites (corrected from 65 
and 90 per cent respectively, according to the graph (Fig. 4). 


DISCUSSION AND SUMMARY. 

As this paper goes to press a complete re\uew of the chemistrj’’ of the 
fertile egg will be appearing (19). The author, Mr. J. Needham, was 
kind enough to allow me to inspect his manuscript and thus avail 
myself of the comprehensive bibliography and discussion. It is sur- 
prising that no biochemists have estimated the changing water content 
of the egg during incubation. Many of the analyses reported in 
Needham’s re\'iew were expressed in per cent of total weight or per 
cent of diy’ solid, and consequently arc of questionable value, since 
these latter functions are themselves changing; the former due to water 
evaporation and the latter through tlic addition of shell constituents 
and tlic burning of o.xidizable organic compounds. Moreover, there 
has been no statistical treatment of the results, and the reliability of 



34 


PHYSIOLOGICAI. ONTOGENY. H 


the average figures obtained has consequently been difficult to 
estimate. 

Tangl’s work, quoted throughout this paper, except for its lack of 
statistical treatment is more enh'ghtening. However, his concept 
of the so called “Energy of Embryogenesis” which he propounds, seems 
to me misleading and unwarranted. What Tangl measured was the 
amount and the caloric value of the solid material burned and thus 
the quantity of energy lost during the embryonic period. The latter 
is equivalent to the usual measurements of catabolism. In the case of 
the embryo it is not basal metabolism which is being estimated, since 
the conditions are not basal. The embrjm is absorbing and assimilat- 
ing nutriment all the while at a relatively rapid rate. 

The calorific value of the oxidized solid, which is in truth the amount 
of energy lost during a certain chosen interval, in Tangl’s judgment 
stands for the energy of embryogenesis; i.c., the energy of development 
(growth -j- differentiation). We believe that this conception is 
erroneous. The two processes, anabolism and catabolism, occur 
together and undoubtedly have some relationship, but surely one is 
not a measure of the other. 

In a starAung animal, and so probably in a starving embryo, there 
is a considerable amount of so called basal metabolism. Thus if the 
“Embryogenetic Energy” were measured under these conditions a 
figure would be obtained for which there was no growth to correspond, 
or in other words there would be a value for something which did 
not exist. 

It will be seen in our later communications that the changes with 
age of metabolic rate and growth rate do not coincide. The amount of 
catabolism imder certain circumstances does not accelerate growth or 
anabolism, but seems rather to be a limiting factor. It is as if when 
the absorbed energ>’^ were constant an increase of catabolism would 
make inroads upon the amount of energy which otherwise would 
remain for storage (growth). 

If, as Pembrey’s (20) experiments would tend to show, there is an 
increase of metabolism in the oldest embryos when the outside tem- 
perature is lowered, one would find at the end of incubation in such 
cases that there was a greater amoimt of so called “Energ>’- of Develop- 
ment” but smaller embr)^. It seems that the potential energy 
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amassed as growth comes from that remaining after the needs of the 
body have been satisfied. 

The results of the experiments described in this paper have formed 
the basis for judgment in the selection of suitable standard conditions 
for the incubation of hen’s eggs. Standardization was necessary so 
that in future experiments the more important environmental factors 
might be kept rmiform within a certain appropriate range and there- 
fore not be held accountable for deviations observed in the embryos. 

Henceforth in this series of papers the term "standard incubation 
conditions’’ will signify that (1) the temperature was constantly at 
38.8 zk 0.4°C., (2) the humidity at 67.5 ± 2.5 per cent, (3) there was 
a continuous flow of warm air into the incubator to provide the neces- 
sary circulation, and (4) the eggs were rolled once a day within the 
constant temperature room. 

The incubator, a double-walled copper cabinet, stands in a constant 
temperature room, the fluctuations of which are ± 1.0°C. The 
space between the walls of the incubator is filled with water which 
serves as a buffer to outer variations. 

It might be repeated that all the eggs are from Wliite Leghorn 
hens, are incubated 2 days after laying, and that they are kept cold 
during the interval necessary for transportation. 

With the figures from our chemical analyses and metabolic rate 
experiments, it was possible to calculate values for the concentration 
of total solids, fat, and nitrogen throughout the incubation period. 
These data were necessaiy as a general chemical background for fur- 
tlier work. The results of the calculations are ob^^ously rough. 
Because of the great variability of the eggs a satisfactor>' degree of 
accuracy could not have been attained without a verj* large number of 
analyses supplemented by complete statistical treatment. The neces- 
sity for such a comprehensive study was not c\’ident, and it is our 
belief that tire approximations reached in tliis paper arc sufficiently 
close to serve our present purposes. 

The chief facts that have been ascertained in this investigation 
arc 

(1) Loss of water by Uie egg during incubation is a function of the 
atmospheric humidity in its immediate enrironment. Jlorc rapid 
circulation of air lowers the humidity around the egg and tlms increases 
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evaporation. Other facts influencing evaporation are (a) atmospheric 
•temperature, (b) thickness and surface area of the shell, and (c) con- 
ditions within the egg, the most important of which, it is suggested, is 
the amount of heat produced by the embryo. The latter factor, in 
turn, depends upon its size and age, and a significant change does not 
become apparent until the last 3 or 4 days of incubation, that is to sa}'^, 
when the embryo is of sufficient mass to exert a measurable force. 

(2) The surface area of the eggs in sq. cm. may be approximately 
represented by the formula S = K IFf, where K = 5.07 ± 0.10, and 
W = the weight of the whole egg in gm. 

' (3) There is a loss of weight by the shell during incubation. This 
is most noticeable near the end of the cycle, when the loss seems to 
parallel in general the weight of tlie embryo. 

(4) There is also a loss of solid matter during incubation. Chemical 
analyses indicate that about 98 per cent of the material oxidized is fat. 
This conclusion is corroborative of previous work by Hasselbalch, 
Hasselbalch and Bohr, and Tangl. 

(5) Carbon dioxide may be measured with relative accuracy. 
When it is assumed that it is derived from the oxidation of fat, satis- 
factory corroboration of the chemical analyses is obtained. 

These experiments have furnished the data from which the values 
have been calculated for total solids, fats, and protein in the whole 
egg throughout incubation. The figures may be used later for com- 
parison with the concentration of these substances within the 
embryo. 
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PHYSIOLOGICAL ONTOGENY. 


A. Chicken Embryos. 

in. Weight and Growth Rate as Functions of Age. 

Bv HENRY a. RIURRAY, Ja. 

{From the Hospital of The Rockefeller Insiiiute for Medical Research.) 

(Accepted for publication, March 10, 1925.) 

Growth and division of cells represent one of the characteristic 
signs of life. In an analysis of the phenomenon of ontogenesis the 
general growth rate as estimated by the increase in mass must be 
included as one of its most striking and significant features. The 
present investigation concerns itself with the weight and growth rate 
of chicken embryos as functions of age. The source of the eggs and 
the management of incubation have been described in a previous 
paper (1). 

Method. 

Fertile eggs of from 5 to 19 days of incubation age were opened. 
After cutting the membranes the embryos were removed and separated 
at tlie distal end of the yolk stalk. Various methods were used in an 
attempt to prevent loss of blood from the vessels or retention of an 
undue amount of amniotic moisture on the skin. Laying the embryos 
momentarily on a piece of filter paper or on a smooth towel, or passing 
a current of air over their surfaces was tried. Occasionally the 
vessels were clamped. We were never confident of the accuracy of 
certain points in our technique in weighing the smaller embryos, such 
for instance as whctlier tlie water adhering to tlie skin compensated 
for the frequent loss of a drop or two of blood. In tlie older cmbi^’os 
only did we feel assured that Uic errors incurred from tliese sources 
were minimal. To include tlie amniotic and chorionic membranes, 
whicli would have made an appreciable difierence in tlie weight was 
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deemed desirable from the theoretical consideration that these struc- 
tures are composed of Imng cells, presiunably sharing in the general 
metabolic activity of the body. To do this, however, without the 
loss of blood and without including otlier non-fimctioning parts and 
adherent water was found to be impractical. In this and subsequent 
researches then we have concerned ourselves only with the embryo 
itself, assuming that the error incurred by neglecting the membranes 
was either constant throughout incubation or negligible. In con- 
sequence, although the factors analysed, such as growth rate, metabo- 
lism, and chemical constitution, may be compared one ivath another 
they may have only an approximate general validity due to this 
omission. In some of the 19 day old embryos the yolk sac, which 
could not properly be considered a part of the living organism, had 
been taken up into the abdominal cavity, and so in such cases it was 
necessary to squeeze it out gently and separate it before weighing the 
chick. 

The embryos were weighed in weighing bottles. With the younger 
chicks, when certain chemical analyses were to be made, a number of 
embryos were placed in the same bottle so that the variations of the 
individual weights for these ages could not be obtained. They were 
probably considerable. 

Most of the embryos included in this particular investigation de- 
veloped in a Lo-Glo incubator, that is to say before conditions had 
been standardized as outlined in the preceding communication. In 
this incubator the temperature conditions were not perfectly uniform, 
so that some eggs probably developed faster than others due to their 
position in the drawers. No provision was made for this discrepanc}’- 
except that the eggs were rolled each day, the drawers frequently 
changed, and the weighings continued over an 8 months period so that 
the average value for any one age does not represent a particular 
group of embryos subjected to particular conditions. After the 
completion of this series, when a constant temperature room for our 
experiments had been constructed, we were able to make a number of 
weighings imder standard temperature and humidity conditions for 
comparison. 

The sex was not determined. The results, therefore, represent a 
mean average of the weights of I^Tiite Leghorn embryos varying from 
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5 to 19 days of age and incubated at a temperature of about 39°C., 
and a humidity of about 70 per cent. It was hoped that with a rather 
large number of weighings the chances for the equalization of factors 
causing deviations from the mean, namely, of temperature, humidity, 
sex, and technical errors would be optimal. 

TABLE I. 


Weight, Growth Rate, aid Acceleration of Growth of Chicken Embryos. 





Mean wet weight 
and probable 
error.* 

L 05 wet 
wcjgbt. 

Log TT = 3.6 

Log «- 0.175 

Percentage 
growth rale, 
dty 

c. 

. 1 1 

§ a 

Age. 

Log age. 




embryos. 

Wet weight 
from 
formula. 

Log wet 
weight 

3.6 

w = — 

1 






formula. 


< 

days 

5 


200 

mg. 

206 

2.314 

mg. 

221 

2.345 

0.720 

-0.1440 

6 

0.778 

45 

424 

2.627 

423 

2.626 

0.600 

-0.1000 

7 

0.845 

91 

730 

2.863 

735 

2.866 

0.514 

-0.0735 

8 

0.903 

42 

1,200 ± 19 

3.079 

1,189 

3.075 

0.450 

-0.0562 

9 

0.954 

48 

1,916 ±163 

3.282 

1,817 

3.259 

0.400 

-0.0445 

10 

1.00 

48 

2,614 ± 23 

3.417 

2,661 

3.425 

0.360 

-0.0360 

11 

1.041 

27 

3,738 ± 62 

3.572 

3,750 

3.574 

0.327 

-0.0298 

12 

1.079 

IS 

5,010 ±116 

3.700 

5,105 

3.708 

0.300 

-0.0250 

13 

1.114 

35 

7,239 ± 120 

3.859 

6,835 

3.835 

0.277 

-0.0213 

14 

1.146 

15 

9,484 ± 220 

3.977 

8,974 

3.953 

0.257 

-0.0184 

15 

1.176 

12 

11,734 ±322 

4.069 

11,460 

4.059 

0.240 

-0.0160 

16 

1.204 

10 

14,343 ± 242 

4.156 

14,390 

4.158 

0.225 

-0.0141 

17 

1.230 

35 

18,364 ±215 

4.264 

17,950 

4.254 

0.212 

-0.0125 

18 

1.255 

29 

20,800 ±334 

4.318 

22,030 

4.343 

0.200 

-0.0111 

19 

1.278 

30 

26,341 ±411 

4.421 



0.190 

-0.0100 


*This is the usual probable error o£ the biometrician; i.c., 

standard delation 
0.6745 ■ T r : -r . ■ ■ 

Vnumbcr of observations. 

RESULTS. 

Tlic results have been summarized in Table I. Curves of the 
average weights (Fig. 1) and of tlieir logarithms (Fig. 2) have been 
plotted as functions of age. The latter, which is comparable to 
percentage weight increments, shows by its slope Utat the greatest 
relative changes in weight occur in Lite early days. The percentage 
increase in mass rather than the actual increments of weight is tal:cn 
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as the rate of growth because this aspect is considered biologically 
more significant. Either definition is permissible, but from a func- 
tional standpoint it would seem that the object of interest is the growth 
and divisional rate per imit mass. WTien the weight increments are 
taken as the basis of growth rate, the quantity of tissue taking part 
in the reaction is left out of consideration. For instance, if an embryo 
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IncubaXion 

Fig. 1. To show the average wet weight of chicken embryos as a function of age 
(Table I). 

weighing approximately 2.5 gm. is found to have gained 1.0 gm. in 
24 hours its growth rate, using increments as the criterion, would be 
considered equal to that of a chicken weighing, let us say, 50.0 gm. 
which also gained 1.0 gm. in the same period. From a physiological 
standpoint this conception of the rate of growth is misleading, and 
does not allow for a comparison between the same organism at different 
ages or organisms of different species at the same age. Henceforth 
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[noj&ilton aJjc 

Fig. 2. The logarithm of the average wet weight equated against the age of the 
embryo (Table I). 
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Fic. 3. The logarithm of the average weight expressed as a function of the 
logarithm of the incubation age in da\-3 (Table I). 
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when the term growth rate is used, we shall mean the percentage rate 

dw 

c ’ • • 1 •!_ dt ' d Y dvr\ 1 . 

of mcrease m mass; t.e., velocity — v = — — =— .-f. 

’ W dl Iwj W dt 

It was found that when log W was equated against log t the points 

approximated a straight line (Fig. 3). The formula log W = 3.6 



Fig. 4, The increments of growth for each day of incubation. The curve is the 
theoretical expression for the increments as derived from the formula. 

IF = 0.668/® 

log i — 0.175 was obtained graphically. By its use the graphs in aU 
the figures were drawn. These figures are included in the table 
(Table I) so as to allow for comparison with the average findings. 
We do not attach theoretical significance to the fact that the weights 
can be expressed by such a simple equation. If certain intervals of 
growth are chosen, and particularly if these are sufficiently short. 
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it is not difficult to find simple equations to fit weight figures. Various 
mathematical expressions have recently been suggested to conceptu- 
alize the growth process. These may be useful devices but they do 
not furnish, in our judgment, sufficient evidence to establish the 
nature of the “master reaction” of growth (2). The embryonic 
period may be considered as one, or the major part of one, of the three 
chief cycles, or periods of accelerated growth, in the life span. The 
rate slows asymptotically as the chick approaches an equilibrium with 
its immediate environment before hatching. When the increments of 
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Fig. 5. The graph obtained from the formula logTT''=3.6 log / — 0.175 compared 
to tlie average results obtained by Lamson and Edmond (x) the single weighings 
of Hasselbalch (o) and some additional embiyonic weighings made in the course 
of later e.vperiments (o). 


growth are represented graphically (Fig. 4) it is seen tliat except for 
tlie 17 to IS day interv'al there is a rather gradual smooth ascent in 
the values. Later weighings for IS day (log IS = 1.255) old embnms, 
as shown in Fig. 5, indicate tliat the average weight at this age is 
probably higher than was first estimated and that tlie break in tlie 
curve docs not represent tlie usual occurrence. It is suggested that 
Brod3'’s rln'thmic growtli cur\-cs (3) for tlie cmbn'onic period were 
due to similar chance variations, since tlic\' do not coincide one with 
anotlier, and since the figures on •which Uie.v were based ivere obtained 
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as a result of a very small (Lamson and Edmond (4)) or a minimal 
(Hasselbalch. (5)) number of weigbings. 

Single weighings after incubation conditions had become stand- 
ardized by the construction of a temperature room as previously 
described are shown in Fig. 5 for comparison with the standard curve 
(Fig. 3)., To these are added the figures collected by Brody (3) after 
Lamson and Edmond, and Hasselbalch. 

By the use of the formula the percentage rate of growth may be 
obtained. 

L f— 1 - — 
dt Lu'^J ~ 7 



Fig. 6. The percentage growth rate as a function of age (Table I). 


where K = 3.6. The rate of growth as given by this equation may 
then be plotted as a function of age (Fig. 6). It is seen that the 
percentage rate of growth decreases progressively with age. If the 
rate of growth is used as a criterion of age the velocity of aging (sene- 
scence), or in other words, the negative acceleration of the percentage 
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increase in weight with time (Fig. 7), may be obtained by a further 
differentiation: 


£ 

dl 


'dv! 

.dl., 


K 

<2 


where K = 3.6. 

Minot’s dicta were that (1) the rate of growth depends on the 
degree of senescence; (2) senescence is at its maximum im the 



Fig. 7. The negative acceleration of growth as a function of age (Table I). 

verj' young stages; (3) tlie rate of senescence diminishes ■nitli age; 
and (4) as a corollarj" from these, natural deatit is tlie consequence 
of cellular differentiation (6). We cannot at present accept tliis 
statement as a satisfactorj* description of senescence, for there is yet 
no evidence to show that the degree of “alivencss” and velodty of 
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growtli are synonymous. There are other and perhaps more signi- 
ficant phenomena than growth rate which change with age. An 
orgam'sm as a force can only be interpreted in terms of totah'ty of 
function. Minot’s concept that death is the consequence of cellular 
differentiation seems to be at variance with his other hypothesis. 
For instance, tissue differentiation, as far as can be judged from its 
chemical constitution, occurs most rapidly during the latter part of 
the embryonic period rather than at the beginning. This phase of 
the subject wiU be discussed in a later paper. 

SUMMARY. 

1. The average weights of chicken embryos between 5 and 19 days of 
incubation as found by over 600 weighings may be expressed by a 
simple exponential equation, 

= IT 

where K — 0.668. 

2. The velocity of growth (i.e. the percentage increase in mass) 
is inversely proportional to the incubation age. The product of the 
two (vt) is a constant (3.6). The negative acceleration of growth 
likewise decreases with age. 
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TEMPERATURE CHARACTERISTIC FOR LOCOMOTOR 
ACTIVITY IN TENT CATERPILLARS. 


By W. J. CROZIER and T. B. SUER. 

[From the Zoological Laboratory, Rutgers University, New Brunswick) 

(Accepted for publication, May 18, 1925.) 

X. 

At different temperatures young tent caterpillars [Malacosoma 
americanum) were caused to creep vertically upward upon a thin 
wooden rod (3 mm. diameter) with evenly roughened surface. The 
rod was 24 cm. long, and the larva began ascent at the bottom; the 
mid-region of the rod was graduated, so that the time taken to 
travel 10 cm. could be accurately observed. Simultaneously, the 
number of “peristaltic” locomotor waves required to cover the 10 
cm. distance was obtained by counting the steps of the anal prolegs. 
In case the initial or the terminal step failed to coindde precisely 
with the selected graduation mark, an estimate was made of the 
fractional step involved. The rod and a thermometer were sus- 
pended in a large box which also contained an electric heating device 
controlled with a rheostat. The box was set up in a room having 
approximately the desired temperature. For higher temperatures a 
small dark room was used which could be heated electrically. The 
animals were adapted to the temperature of the experiment until 
the rate of creeping became constant. 

From the observations taken it was possible to compute: (1) the 
speed of progression; (2) the frequency of abdominal locomotor 
waves; (3) the mean amplitude of the step taken by the anal prolegs. 
We desired to consider these quantities in their relations to tempera- 
ture, and to compare the critical thermal increment of locomotor 
acti\ity with tliat found for some homologous acti\ities. 

It was found that variation in speed of creeping could be adequately 
controlled by tire temperature, pro\ided animals of the same 
were used. Among such indi\iduals, especially if taken from the 
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same nest, the rate of creeping is veiy uniform. We have used 
caterpillars 1.5 to 2.0 cm. long. About 14 individuals were employed 
in obtaining 180 measurements. The points plotted in Fig. 3 are 
each the average of 6 or more very closely concordant determinations. 

II. 

When the mean speeds of creeping at difEerent constant tem- 
peratures are considered in terms of the relationship known to be 
vahd for a number of similar instances, 

velocity at Tj _ / 1 

^ocity at Tj "" 2 I 2^ ~ / 



0.0033 0.0034 0.0035 

V^T'afas. 

Kg. 1. Mean velocity of creeping is plotted logarithmically against reciprocal 
of absolute temperature. The relationship is not rectilinear. 

the graphs of log velocity versus 1/absolute temperature fails to be 
rectilinear (Fig. 1). No significant value of the critical increment n 
can be calculated. 

This result finds its explanation in the fact that one of the two 
components determining the speed of vertical ascension is influenced 
by the temperature in a special way. The act of creeping is begim 
by a forward movement of the anal prolegs, initiating a peristaltic 
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body wave coursing cepbalad to the anterior naargin of the abdomen; 
simultaneously the anterior thoracic legs begin their progression 
movements, the wave of leg activity running posteriorly. The 
abdominal movements may be timed by counting the steps of the 
anaf prolegs. Between 20° and 30° the number of such steps per 
10 cm. distance is sensibly constant. Above 30° there is a tendency 
for the amplitude of the steps to become less, but the available 
observations are not niunerous because creeping is so often irregular 
at these higher temperatures. Below 20°, however, the amplitude 



“C. 

Fig. 2. The number of prolcg steps required to ascend 10 cm. is increased 
as the temperature falls, below 20°. 

decreases markedly and regularly as tlie temperature falls (Fig. 2). 
It is clear that as a consequence the value of the product {amplitude 
of step) X {frequency of steps), which is the velocity of progression, 
will be abnormally lowered at temperatures less than 20° i {cf. Fig. I). 

The speed of creeping is thus deprived of its possible anal 3 'tical 
utility, and it becomes ncccssarj' to deal directh- with the frequency 
of the locomotor steps. The shortening of the amplitude of ilic 
locomotor wave at lower temperatures maj- have a physical basis in 
tiic ph\-siolog\' of the caterpillar’s musculature, or it ma\' be condi- 




64 


GLYCERAL1)]5I1YJ)E PHOSPHATE DEHYDROGENASE 


produced in a Pearson schlieren apparalus modified according to Svensson 
(2). The boundaiy, after formal ion in a quartz Tiselius cell, was sharpened 
withdrawal through a hollow 4-prongcd needle similar to that described 
by Gutter and Kcgcles (3). The diffusion constants for various times 
were calculated by the method described by Longsworlh (4) and extra- 
polated to infinite time to obtain the true diffusion constant, which was 
then corrected from 0.9° in buffer to 20.0° in water hy the equation 


Ao.t = X — X 

V20.W 273.2 -j- t 


(3) 


Viscosity — Since the viscosit}'- correction in Equation 3 is quite large, 
the viscosities of the different buffers were determined in an Ostwald 
viscometer at the temperature of the diffusion experiments. However, 
for correcting the sedimentation constant, the temperature dependence of 
the viscosity for Avater and buffer was assumed to be the same, since the 
temperature difference is small. 

Concentration — The protein concentration of the solutions Avas deter- 
mined from the extinction at 280 mju in a Beckman DU spectrophotometer, 
the extinction coefficient of glyceraldehyde-3-phosphate dehydrogenase 
being taken as 1000 cm.^ gm."^ (1). 

Apparent Partial Specific Volume — The densities of the protein solution 
and the buffer AA^ere determined p 5 '-cnometrically and the apparent partial 
specific volume calculated from the equation 

r, = (4) 

PbC 

AA’herc c is concentration in gm. per ml. 

Electrophoresis — The enzyme solution aa^s subjected to electrophoresis 
at its isoelectric point, running the current for 3 hours in each direction, 
and the heterogeneity constant H (5) Avas calculated from the spreading 
of the peak by Equation 5. 

D' = D + ^ U (5) 


Avhere D is the diffusion constant for the protein at the concentratioji 
studied, D' is the apparent diffusion constant calculated from the electro- 
phoretic peak, E is the Amltage gradient, and te is the time of electro- 
phoresis. H is calculated from the slope of D' plotted against fe (6). 

RESULTS AND DISCUSSION 

The results of this study are giA’-en in Table I and Fig. 1 . The protein 
molecular weight Avas calculated from the Svedberg equation ivith the 
constants giA^en in Table I. 
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An approximated characterization of the rate of spreading of the sedi- 
menting boundaries was made bj' calculating an apparent “diffusion co- 
efficient” from the sedimentation diagrams bj’ the height-area method 
(7), correcting for field (S) and time (9). Although great accuracy cannot 
be expected from this measurement, the approximate agreement with the 
value from the diffusion experiments indicates low or negligible poly- 
dispersity. 


Table I 


Molccular-Kinclic Conslnnts of v-Glyccraldchydc-S-pho'sphalc Dchydroqcnasc 


S:d.k' * 

7.71 ± 0.07 X 10-“ sec. 

Dio.ff (free diffusion) 

4.97 ± 0.03 X IQ-’ cm.* sec."' 

V 

0.7253 ± 0.0006 cm.’ gm.”’ 

H 

0.23 X 10-’ cm.: 7-1 gec.-i 

Mol. wt. 

136,900 ifc 1.300 gm. mole-* 

D-o.v- (from sedimentation diagram) . . 

4.24 ± 0.2S X 10-’ cm.: sgg -i 


For an explanation of the sj-mbols, see the text. 



Fig. 1. Diffusion and sedimentation data for glyceraldehyde-3-phosphate dehy- 
drogenase as functions of concentration C (gm. per liter). The lines obtained by 
the method of least squares may be expressed: s = 7.71 — 0 061 C, and D = 4.97 — 
0 003 C. A, in phosphate buffer, pH 6.55, ionic strength 0.1; O, in 0.15 m sodium 
chloride, pH 6. 

There was no separation of components from the electrophoretic peak 
during the period of the isoelectric point experiment and the relatively 
small heterogeneity constant calculated under these conditions compares 
favorably with those reported by Alberty (6) for other purified proteins. 
The enzyme has also been examined for the presence of other enzymatic 
activities, specifically those proteins xvhich are known to be isolated under 
similar conditions. The presence of aldolase activity was tested by Mr. 
Bernardo Vanderheiden of this Department, bj’’ the method of Warburg 
and Christian (10), the activity found corresponding to 1 part aldolase in 
900 parts of triosephosphate dehj’-drogenase. An assay of a-glycerol 
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phosphate deliydrogenase was made by the method of Baranowski and 
Niederland (11) and was found to be in the proportion of 1 part in 2000, 
the calculation being based on the turnover number given by Baranowski 
( 12 ). 

Measurements of enz 3 unatic activity of tlie dehydrogenase on its normal 
substrate were made by the mctliod of Beisenherz et al. (13), w'hicli method 
is essentially the same as that originally reported by Cori et al. (14), 
except that the enzyme was protected from heavy metal ions by ethylene- 
diaminetetraacetate ion. The turnover number obtained, 2400 moles per 
minute per 10® gni. of enz 3 ^me, agrees wuth Beisenherz’ value. However, 
since the “second order rate constant” used to obtain the turnover number 
(calculated according to Cori et al.) is a function of time (14), w^e have 
arbitrarily used the constant at zero time. A plot of 1/log k against time 
was found to be linear, the zero time k depending upon the initial concen- 
tration of the substrates for constant enzyme concentration. 

In addition to enzymatic contamination of the protein, there is also 
some contamination by heme compounds. After the eight recrystalliza- 
tions to w^hich this preparation had been subjected, the extinction at 
410 mg corresponded to only 0.5 per cent hemoglobin bj’’ weight. 

In view of the lack of evidence for any gross amounts of contamination, 
and the close agreement of this study with the earlier reported Avork from 
this laboratory, the authors have felt justified in using the value of 137,000 
as the molecular AA^eight of glyceraldehyde-3-phosphate dehydrogenase in 
subsequent Avork. 


SUMMARY 

The molecular Aveight of rabbit muscle glyceraldehyde-3-phosphate 
dehydrogenase has been found to be 137,000 by sedimentation and diffu- 
sion. Several criteria of purity, both physical and biochemical, have been 
applied to the enzyme preparation and liaAm shoAAm that Ioav or negligible 
amounts of impurities are presejit. 
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{From the Dcpartmctii of Biochemistry, Yale University, Xcw Haven, 

Connecticut) 

(Received for publication, May 31, 1955) 

Cathepsin C, one of the prolcinascs found in animal tissues (1), has 
been extensively purified from beef spleen (2). Earlier studies showed that 
at pH 5 crude preparations of this cnzvmic catal 3 'zc the hj'drolj'sis of di- 
peptide amides at the CO — NH; bond (3), and of the ester linkage of 
dipeptide esters (4). With suitable substrates, the predominant reaction 
near pH 5 is hj'drol.vsis, whereas near pH 7.5 the enzimie catalyzes re- 
placement reactions leading to the poljmierization of the dipeptide units, 
and jdelding long chain peptides (3, 5). 

In the present investigation, an attempt was made to define more pre- 
ciselj’ the effect, on the rate of enzjunic action, of changes in the stmeture 
of substrates of cathepsin C. It had been demonstrated previouslj’- that 
the enzjTtie is specific in its action on dipeptide esters (or amides) contain- 
ing two a-amino acid residues; thus glycyl-L-phenylalanine ethjd ester is 
readily hydrolj'-zed at pH 5, whereas /S-alanjd-L-phenjdalanine ethyl ester 
is resistant under comparable experimental conditions (4). Also, it had 
been shown that several amino acid esters were not attacked, and that 
acjdation of the free a-amino group of a sensitive dipeptide amide blocks 
enzyme action (4). Hence the “backbone” specificity (6) of cathepsin C 
was considered to be as given in the accompanjdng formula, where X is 
either NHz or an alkoxj’' group. 

R R' 

I I 

NH-CHCO— NHCHCO X 

Cathepsin C does not appear to exhibit absolute “side chain” specific- 
ity in regard to the nature of the E, and R' groups, although the best sub- 
strates found previouslj^ are those in which the R group is hydrogen or a 
small aliphatic side chain (methyl, hj’^droxymethyl), and the R' group is 
the benzyl or p-hydroxybenzyl side chain of n-phenylalanine or of L-tjno- 
sii'.e, respectively. (The corresponding derivatives of n-phenylalanine are 
resistant (5).) Thus, glj’^cjd-n-phenylalaninamide or glycyl-n-tyrosina- 

* This study was aided by grants from the American Cancer Society (on recom- 
mendation of the Committee on Growth of the National Research Council) and from 
the Rockefeller Foundation. 

t James Hudson Brown Fellow of the Yale University School of Medicine. 
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mide or the corresponding clh}''! esters are suitable substrates. It should 
be added, however, that glycjd glycine ethyl ester and glycyl-L-leucine 
ethyl cster^ are also readily hydrolyzed by a highly j^urified preparation of 
cathepsin C. 

To investigate further the stiaictural requirements in substrates of ca- 
thepsin C, a series of dipeptidc amides and esters was prepared in which 
the R' group was the side ehain of L-tyrosine or L-phenylalanine, and other 
stmctural features of the compounds were varied. 

Attention may be given first to the action of cathepsin C at pH 5, since 
here it is possible to studj’’ the rate of hydrolysis under conditions in which 
the extent of transamidation is negligible and the substrates are stable in 
the absence of added enz 3 ''me. The data are summarized in Table 1. It 
will be noted that, in general, the comparable amides and esters are hy- 
drolyzed at similar rates, although in some instances the esters are cleaved 
more rapidly. Thus, glycyl-L-tyrosinamide and gljmyl-L-tyrosine ethyl 
ester are hydrolyzed at approximately the same rate at pH 5, whereas 
sarcosyl-L-tyrosinamide is split more slowly than is sarcosyl-n-tyrosine 
ethyl ester. It w^as found previously (4) that crude preparations of ca- 
thepsin C act more rapidly on glycylglycine ethyl ester than on glycyl* 
glycinamide. 

A further point of general interest is that the action of cathepsin C is 
similar on pairs of substrates that differ only in having an L-phenylalanine 
or an L-tyrosine residue at the sensitive linkage. As may be seen from the 
data in Table I, methylation of the phenolic hydroxyl group of the l- 
tyrosine residue also does not alter the rate of enzymic action. 

The replacement of the glycyl residue of glycyl-L-tyrosinamide, glycyl- 
L-phenylalaninamide, glycyl-L-tyrosine ethyl ester, or glycyl-L-phenylala- 
nine ethyl ester by a sarcosyl residue in all cases leads to a marked dimi- 
nution of the rate of enzymic hydrolysis at pH 5. It may be concluded, 
therefore, that the enzymic action is inhibited by the introduction of a 
methyl group at the terminal a-amino group of substrates such as glycyl- 
L-tyrosinamide. However, the slower hydrolysis of the sarcosyl com- 
pounds cannot be interpreted to indicate that a primary a-amino group is 
essential for the action of cathepsin C, since the replacement of the glycyl 
residue of glycyl-L-tyrosinamide or glycyl-L-tyrosine ethyl ester by an l- 
prolyl residue gives substrates that are hydrolyzed at essentially the same 
rate as the glycyl compounds, although the prolylphenylalanine derivatives 
are split somewhat more slowly than is glycyl-L-phenylalaninamide or 
glycyl-L-phenylalanine ethyl ester. Since the iV-dimethylglycyl com- 
pounds were not available, it carmot be stated at present whether the en- 
zyme action is limited to substrates that have an iV-terminal amino or 

1 M. J. Mycek and J. S. Fruton, unpublished observations. 
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imino acid. As noted above, acylation of the terminal a-amino group 
blocks the action of the enzjTne. In this connection, it may be added that 
acctyl-L-phenylalaninc ethyl ester is resistant to the hydrolytic action of 
cathepsin C at pH 5 (Table I). 


Table I 

Aclion of Cathepsin C on Peptide Amides and Peptide Esters near pH 5 
The first column denotes the A*-terininal amino acid and other substituents on the 
compounds indicated at the top of the next four columns. The experimental con- 
ditions v,CTC as given in the experimental section. 


Substituent 

n>i!ro1>sis in 2 hrs 

L Tj ro^inamidc 

L PhcnjUlamn' 
amide 

l-T> rosinc 
cth>l ester 

L-rhen> lalamnc 
cth>l ester 


nmoles per ml 

nmoles per ml 

fimoles per ml. 

nmoles per ml. 

Glycyl- 

19 

21 

18 

22 

Glj cyl-p methoxy- . ... 


21 



Sarcosyl- 

3 

2 

10 

8 

L-Proljd- 

10 

15* 

19 

14* 

Glycyl -A’’ -methyl- . 


Of 



L-Alanyl- . 

12 


14 


n-Alanyl- 



6 


a-Aminoisobutyryl- 



6 

7 

n-Seryl- 

12 




li-Leuoj 1- 




5 

n-Leucyl- 




It 

L-Lysyl- 

0 

0 

0 

0 

«-Acetyl-L-lys 3 'l- 

2 

2 

2 

2 

«-Benzojd-L-lj-sj’l- 

0 

0 

0 

0 

Glycylglycyl- 




0 

Acetyl- 




o§ 


* ii-Prolyl-L-phenylalanine crystallized. 

t This value -was determined by means of the Grassmann-Heyde titration method. 

t Tested -with 1 4 units of cathepsin C, and the measured rate divided by 4 to 
facilitate comparison 

§ Tested in the presence of 30 per cent methanol; under these conditions, glycyl- 
L-phenylalanine ethyl ester v as hydrolyzed at a rate of 6 pmoles per hour. 

It vas of interest to fiad that glycyl-A^-methyl-L-phenylalaninamide is 
resistant to the action of cathepsin C, demonstrating that the introduction 
of a methyl group at the peptide bond between the 2 a-amino acid residues 
blocks the hydrolysis of the CO — linkage. Thus, although the en- 
zyme does not catalyze the hydrolysis of the bond joining the 2 amino acid 
residues, substitution of the N atom of this bond decisively interferes x\ ith 
the action of cathepsin C. 
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In studying the effect of changes in the “side chain” of the iV-tcrminal 
amino acid on the rale of cnz^nnic action, the glycyl residues of the stand- 
ard substrates were replaced by the following: L-alan,yl, n-alan3d, a-ami- 
noisobut3’'iyl, L-sctyl, L-lcucyl, n-leiicjd, c-acetyl-L-lysyl, e-benzoyl- 

L-lj'sjd. All the resulting compounds were h3alrol3'/cd more slowl3^ than 
the corresponding gb^’cyl com])ounds or were resistant to lydrolysis (Table 
I). Although replacement of the gl3’’C3d residue of gl3'^c3d-L-tyrosinamide 
or gl3'C3d-L-plicn3'']alaninamidc 1)3’’ an L-alaiyd or L-seiyl residue diminishes 
only slightl3' the rate of enz3'’me action, the introduction of the side chain 
of a larger L-amino acid residue, as in L-]euc3d-L-phen3dalanine etlyl ester, 
causes a marked decrease in the rate. With a bulkier neutral side chain 
sucli as e-acoty]amino-7?-bulyl or 6-ben/503'lamino-7i-but3d on the iY-tenni- 
nal residue, the rate of h3’’drol3'^sis at pH 5 is decreased even further. It is 
of interest that, although tlie £-acet3dl3'S3d deriY’-ati^ms are lydrob’^zed 
slowly under the conditions of these experiments, the corresponding l3"S3’l 
compounds are resistant to enz3''me action. Apparent^’’, the presence of 
the free e-amino group in the substrate makes the amide or ester bond less 
sensitive to attack by cathepsin C. It should be added, however, that, 
under the usual experimental conditions, substances such as L-lys3d-L- 
tyrosinamide or L'l3''syl-L-phen3dalaninamide are not inhibitors of cathep- 
sin C when glycyl-L-t3’’rosinamide or glyc3d-L-phenylalaninamide are sub- 
strates (Table II). Also, L-lysyl-L-tyrosine eth3d ester is not hydrolyzed 
to an appreciable extent by cathepsin C at the linkage between the l3’'S3d 
and tyrosyl residues, to form free lysine; this was demonstrated by paper 
chromatography with w-butanol-acetic acid-water (8:2:1) as the solvent. 

Experiments were also performed with many of the above derivatives 
of glycyl-L-tyrosinamide, glycyl-n-phenylalaninamide, glycyl-L-tyrosine 
ethyl ester, and glycyl-L-phenylalanine ethyl ester to determine their sus- 
ceptibility to the action of cathepsin C at pH values near 7.5. At this 
pH, at least three possible reactions may occur: enzyme-catalyzed h}''- 
drolysis of the sensitive linkage, enzyme-catalyzed replacement reactions, 
and non-enzymic cyclization to form diketopiperazines. As judged by the 
rate of ammonia liberation from dipeptide amides or the disappearance of 
dipeptide esters, the amides are more stable in the absence of added enz3'’me 
at pH 7.5 than are the corresponding esters (Table III). It will be noted 
from Table III that, if allowance is made for the non-enzymic reaction of 
the compounds tested at pH 7.5, the relative effects of cathepsin C at this 
pH are roughly comparable to those obseiwed at pH 5. This is concord- 
ant with the view (3) that the catalysis of transamidation at pH 7.5 is 
effected by the same enzyme that catalyzes hydrolysis at pH 5. Among 
the compounds listed in Table HI, and not previously tested with cathei> 
sin C at pH 7.5, the only ones which appeared to give an insoluble polymer 
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analogous to that obtained from glj-cyl-L-phcn.vlalaninamicle or gh'cyl-L- 
tyrosinamidc (3, o) were glycyl-0-nielhyl-L-t>Tosinamide and e-acetyl-L- 
lysyl-n-phenylalaninamide; with the last named eompound, the transami- 
dation reaction was slow and the extent of precipitation of presumed 
pohmer was veiy* slight. 

It will be noted from Table II that, when gl 3 ’cj'l-L-phenylalaninamide or 
gh'cj'l-L-tjTosinamide was subjected to the action of cathepsin C at pH 7.6 

Table II 

Effect oj Ly^iil Peptide’! on Action of Cathepsin (' 

.Ml reaction flasks contained either 0.05 m glycyl-t.-tyrosinamide or 0 05 ii glycyl- 
L-phenyl.alaninainide. i.-Lysjl-i.-phenylalaninamide or L-lysyl-i.-tj'rosin.amide ^^as 
added at a concentration of 0 05 m. In the c\perimcnts with glycjd-L-tyrosina- 
mide, 0.2 cathepsin unit was present per 2 ml.; with glycyl-L-phenylalaninamide, 
0.16 unit was used. The other e.xperimcntal conditions were as given in the ex- 
perimental section. 


Substances present 

AxnmonLi liberation per nl. 

pH S.l 

pH 7.6 

2 brs. 

1 hr. 

2 hrs. 

4 hrs. 




$tmoUs 

fincles 

fimotes 


Glycyl-L-tyrosinamide 



12 

14* 

18* 

22* 

tt 

-1- 

L-lj'SJ’l-L- 



i 


phenylalaninamide 



12 

19 


36* 

Glycyl-L-tyrosinamide 

4" 

L-lysyl-L- 



■■ 


tyrosinamide 



12 

19 



Glycyl-L-phenylalaninamide 


10 

9* 



a 


+ L-lj'SJ'l- 





L-phenylalaninamide 



11 

12 

17* 

24* 

Glycyl-L-phen 3 'Ialaninamide -f- L-lj'syl- 





L-tyrosinamide . . 



9 

13 

19* 

27* 


* A gelatinous precipitate w as present. 


in the presence of L-lj’-sjd-L-phenjdalaninamide or L-lj'sjd-L-tyrosinamide, 
the rate of ammonia liberation was considerablj’- greater than that observed 
in the control experiments. Also, the appearance of the polymeric peptides 
formed from glycyl-L-phenylalaninamide and glycjd-L-tyrosinamide was de- 
layed in the presence of the lysyl compounds. These observations are 
analogous to those made previously (3) upon the addition of substances 
such as L-argininamide, and indicate that, although the lysjd compounds 
are not substrates of cathepsin C, thej'' can serve as replacement agents in 
transamidation reactions catalyzed by the enzjmie. Since the pK' values 
of the a- and eamino groups of these compounds are approximatelj^ 8 and 
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Taui^k in 

Aclioii of Cuthcp^ni C on Peptide Aviidrs mid Peptide Jislers near pll 7.5 
The data arc given in mieroinolcs of ammonia lihoraiod or ester disappeared per 
2 ml. of reaction mi.xtiirc. 'I'ho mimhors in parent lie.se.s denote tlie e.xtcnt of reac- 
tion in the ahsenee of added enzyme. Where no figiire.s are given for control e.xpcri- 
nicnts, the compound was stable in the absence of enzyme. Except where other- 
wise indicated, 0.35 catlicpsin unit was used per 2 ml. of reaction mixture. The 
other c.xperimental conditions were ns given in the experimental section. 


Compound tested 


Glycyl-n-tyrosinamide 

Glycyl-0-meth}’l-n-t3’rosin.‘imide 

Gl3'C3'l-L-t3Tosino etli 3 ’J ester 

Sarcos 3 d-L-t 3 ’rosinamide 

Sarcos 3 'l-i,-phen 3 dalaninamide 

SarcosyI-L-t 3 ’rosine eth 3 '’l ester 

Sarcos 3 'l-L-phen 3 'lalanine eth 3 ’l ester 

L-Pro]y]-L-t 3 'rosinamide 

L-Prolyl-L-phen 3 dalaninamide 

L-Prolyl-L-tyrosine ethyl ester 

L-Prolyl-L-phenylalanine ethyl ester 

a-Aniinoisobut 3 Tyl-L-t 3 TOsine ethyl ester. . 
Qr-Aminoisobut 3 'ryl-L-phen 3 ’lalanine ethyl 

ester 

L-L 3 'S 3 'l-L-t 3 ’'rosinamide 

L-L 3 '^syl-ii-phenylaIaninamide 

“ (1.4 cathepsin units) 

i-Lysyl-L-tyrosine ethyl ester 

“ (1.4 cathepsin units) 

L-Lysyl-L-phen 3 dalanine eth 3 d ester 

e-Acetyl-L-l 3 ’’syl-L-phenylalaninamide 

“ (1.4 cathepsin units) 

e-Acetyl-L-lysyl-L-tyrosine ethyl ester 

€-Acet 3 d-L-lys 3 d-L-phen 3 dalanine ethyl 

ester 

Gl 3 'cylgl 3 'cyl-i..-phenylalanine ethyl ester. . 


K.\tcnt of rc.iction 


0.5 Jir. 

1 J.r. 

2 hrs. 

4 hrs. 

nmolfi 

fiiiwles 


fiviolts 


32* 


46* 


33* 


52* 

51 (20) 

03* (38) 





8 (3) 

15 (5) 



8 (3) 

15 (6) 

22 (17) 

35 (26) 

51 (40) 


19 (13) 

32 (20) 

41 (29) 



31t 

62t 

SOf 


2U 

49J 

75J 

19 (5) 

29 (9) 

69 (13) 


10 (4) 

23t (7) 

m (9) 



12 (7) 

24 (14) § 



16 (11) 

28 (19)§ 



i 

0 (2) 

2 (2) 



2 (2) 

3 (3) 



2 (2) 

3 (3) 

8 (9) 

28 (27) 

39 (40) 


8 (9) 

26 (27) 

37 (40) 


15 (13) 

32 (31) 

44 (43) 




2 

4 



7 

13* 

10 (6) 

25 (18) 

36 (32) 


10 (8) 


32 (28) 



3 

6 



* A gelatinous precipitate was present. 

■f This reaction was followed by the Conway and Grassmann-Heyde methods, 
and the ammonia liberation was equivalent to the increase in titratable aciditj'. 

I L-Prolyl-L-phen3dalanine crystallized from the reaction mixture. 

§ Diketopiperazine cr3^stallized from the reaction mixture. 


10.5 respectively, it may be expected that such transamidation reactions 
largely involve the participation of the a-amino group of the lysyl residue. 
Of special interest was the finding that the dipeptide derivatives con- 
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taining an A'-terminal prolinc, although rapidly attacked by cathepsin C 
at pH 7.5, did not undergo any measurable transamidation. In the case 
of the derivatives of L-prolyl-L-phenylalatiine, a crystalline product ap- 
peared during the enzyme reaction, and was identified as the sparingly 
soluble free dipeptide (7). When the action of cathepsin C on L-prolyl-L- 
tjTosinamide was followed at pH 7.5 both bj' measurement of ammonia 
liberation and by titration with alcoholic KOH, the ammonia liberation 
was stoichiometrically equivalent to the increase in titratable acidity. As 
shown pre\'iously (3), when transamidation occurs with substrates such as 
glj’cyl-ir-phenylalaninamide, the extent of ammonia liberation is greater 
than the increase in titratable acidity. It may be concluded, therefore, 
that the action of cathepsin C on the prolyl dipeptidc derivatives tested is 
restricted to hydrolysis, and that these prolyl compounds do not seiwe as 
replacement agents to a measurable extent. In this connection, it may be 
added that other studies in this laboratory have shown that, in the action 
of papain on carbobenzox>’'glj’’cinamide at pH 7.5, dipeptides such as l- 
leucylglycine are verj"^ effective replacement agents, whereas L-prolylglyeine 
is completely ineffective in this regard.' The failure of prolyl compounds 
to seiv-e as replacement agents may be due, in part, to the fact that the pK' 
of the immonium group in such compounds is near 9 (8), although steric 
factors may also be involved. 

The data in Table III also are of interest in relation to the relative sta- 
bility of dipeptide derivatives at pH 7.5, in the absence of added enzyme. 
The fact that the prolyl derivatives are more stable than the comparable 
glycyl or sarcosyl compounds is noteworthy in view' of the known tendenc 3 ’’ 
of compounds such as glj'cyl-L-proline, irproljd-L-proline, and glycyl-n- 
prolinamide to undergo cyclization with great ease (9). It w'ould appear 
that the formation of diketopiperazines is favored by the presence of a 
proline residue in an amino acjdprolyl compound rather than at the N- 
termmal position. 

A number of compounds were not tested at pH 7.5, because thej' were 
sparingly soluble in water at this pH. They w'ere e-acetjd-n-lj’-sjd-L-tyro- 
sinamide, all the e-benzoyl derivatives of the lysine compounds, L-leucjd-L- 
phenylalanine ethjd ester, and n-leucyl-n-phenylalanine ethyl ester. 

niscussiON 

The studies described in the present communication, together wdth earlier 
work on cathepsin C, justify the conclusion that this enzjnne is adapted 
to the hydrolysis of amide or ester bonds of dipeptide amides or dipeptide 
esters containing two a-amino acid residues. Sufficient data are not avail- 
able about the action of cathepsin C on CO — NH bonds joining two a- 
amino acids to permit the conclusion that this cnzjnne can cleave dipep- 
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lide units from the amino end of a long peptide chain; studies on the action 
of cathepsin C on proteins and long chain s3'ntlietie peptides are in prog- 
ress. If the specificity observed with synthetic .substrates applies to the 
action of the. enzj’-me on jn'oteins, cathcp.sin C ma}' prove to be a useful ad- 
dition to the proteoljdic enzyme.s u.sed ns reagents for the .selective cleav- 
age of proteins. From the studies reported in this paper, it niaj’’ bo e.v- 
pected that cathepsin C woidd be more effective in at tacking peptide chains 
in which the iV-terminal amino acid is prolinc or one that bears a small ali- 
phatic side chain (as in gl^Tinc, alanine, serine). 

One ma}’" venture to interpret the effect, on the rate of enx}nne action, of 
structural changes in substrates of cathepsin C in terms of a hypothesis 
concerning the stercochemistrj'' of the enzyme-substrate interaction. It 
seems likel}'' that tlie enzjmie requires, in its substrates, a free terminal 
a-amino or a-imino group, and it may be assumed that the combination of 
cathepsin C with a substrate involves .such a group, as well as the carbonyl 
group that participates in the sensitive linkage. The inability of cathep- 
sin C to hydrolyze /3-alanyl-L-phenylalanine ethyl ester (4) indicates that 
the distance between the terminal amino group and the sensitive carbonyl 
group is critical for enz^TOic action. It may be surmised that, in the com- 
bination of the enzyme with the substrate in a manner leading to catalysis, 
the portion of the substrate molecule between (and including) these groups 
is held in a specific conformation. One possibility is that, in the enzjmie- 
substrate complex, this portion of the substrate molecule is in a form tend- 
ing toward a hexagon, as shown in Fig. 1, c. 

If it is assumed that the “active center” of the enzyme interacts with 
the substrate b}^ approaching it from above the plane of the hexagon (as 
drawn in Fig. 1, o), then it seems possible to interpret several aspects of the 
specificity of cathepsin C. It may be expected that the presence of D- 
amino acid residues at the A^-terminal position (Fig. 1, 6), or contributing 
the R' group (Fig. 1, c), would tend to prevent a close fit of enz 3 ’’me and 
substrate. Thus n-leucyl-L-plienylalanine ethyl ester is hydrolyzed ver}’^ 
slowly (Table I), and glycyl-n-phenylalaninamide is resistant to enz 3 '-me 
action (5). If the side chain group is small, as in n-alanine, hydrolysis of 
D-alanyl-L-tyrosine ethyl ester is obser^md, but this is slower than the h 3 "- 
drolysis of L-alan 3 d-L-tyrosine ethyl ester (Table I). It is perhaps signifi- 
cant that D-alanyl-L-tyrosine ethyl ester is hydrolyzed at approximately 
the same rate as is a-aminoisobut 3 rryl-L-tyrosine ethyl ester (Table I), 
which has methyl groups projecting above and below the plane of the hexa- 
gon (Fig. 1, d). _ 

The effect of large R groups of JV-terminal L-amino acid residues in de- 
creasing the sensitivity of substrates of cathepsin C may perhaps be at- 
tributed to steric hindrance of the enz 3 'mc-substrate interaction as a con- 
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sequence of the free rofation about the bonds of tlie side chain {e.g., of the 
e-acetyl-L-h'syl residue). However, where such free rotation is not pos- 
sible, as in L-prolyl, the approach of the enzyme may not beliindercd, thus 
explaining the ready hydrolysis of the j^rolyl compounds. It may be sur- 
mised that the .slower hydroly.sis of the .sarcosyl compounds, as compared 
to the analogous n-prolyl compounds, is a consctiuence of steric hindrance 
caused by an jV-methyl group that can assume a i)osition above the plane 
of the postulated hexagon. The inability of cathepsin C to act on gl3'cj’’l- 
A'-methyl-L-phenjdalaninamidc maj’ be due to steric hindrance caused by 
substitution at the CO — bond between the 2 amino acid residues. 
This substitution niaj' interfere with the folding of the peptide chain into a 
conformation required for successful interaction with the enzjTue, and maj’’ 


H NHj OC H 

V x' V 

* An 

R CO — NH R' 
(0) 


R NH, OC H 

XV X 

H CO— NH R' 
(b) 


H NH, OC R" H.C NH, OC H 


X ‘x X 

R CO — NH H 

(c) 




A 


H.C CO— NH CHj 


(d) 


C,H.0H 


Fig. 1. Postulated folding of dipeptide derivatives in their interaction with 
cathepsin C. The heavy lines denote bonds in front of the plane of the 
paper, whereas the light lines denote bonds behind the plane of the paper. The 
dash lines represent the bond cleaved by the enzjTne. a, a dipeptide derivative com- 
posed of two L-amino acid residues; b, a dipeptide derivative in which the iY -termi- 
nal amino acid has a n configuration; c, a dipeptide derivative in which the R' group 
belongs to a n-amino acid; d, a derivative of o-aminoisobutyryl-L-tyrosine. 


prevent an interaction, bj' hj'drogen bond formation, with the CO — NH 
group of the substrate. 

Experiments now in progress are designed to determine the magnitudes 
of (/I's + and kz in the reactions 

E + S ^ ES E -p products 

/.•j 

where E is cathepsin C and the substrate {S) is one of the series of dipep- 
tide derivatives found to be hydrolyzed by the enzyme. It may be hoped 
that such data on the effect of structural changes in the substrate on the 
relative magnitude of K„ and kz will throw further light on the mecha- 
nism of cathepsin C action. 


EXPERiarENTAL 

In the conduct of the enzjme experiments, the pH was maintained at 
pH 5.0 to 5.2 with 0.1 M citrate buffer and at pH 7.4 to 7.6 with 0.1 m 
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phosphate buffer. Cysteine (0.004 m) was used as activator. The cathep- 
sin C preparation was kindly provided by Dr. de la Haba, and had a spe- 
cific activity [C. U.]Sg.1if = 175, in the terms defined previously (1). In 
most of the experiments reported in this communication, the enzyme con- 
centration was 0.35 cathepsin unit per 2 ml. of reaction mixture; in some 
instances, as indicated in Table I, the enzyme concentration was increased 
to 1.4 units per 2 ml. The substrate concentration was 0.05 m in all cases. 
The temperature was maintained at 37.0°. The rate of enzyme action on 
the peptide amides was followed by measurement of the extent of ammonia 
liberation in Conway microdiffusion vessels (10). The rate of disappearance 
of the peptide esters was followed by a modification of the hydroxamic 
acid method of Hestrin (4, 11). In several experiments, the Grassmann- 
Heyde titration method (12) also was employed. In all cases, control 
experiments were performed to determine the lability of the substrate, in 
the absence of added enzyme, at the pH and temperature of the enzyme 
test. Where no data are given for such control experiments, the substrates 
were found to be stable during the period of the enzyme experiment. 

To facilitate comparison of the rates of hydrolysis of the various com- 
pounds tested near pH 5, the data in Table I denote the micromoles of 
substrate cleaved per ml. during the first 2 hours of the incubation, al- 
though samples were withdrawn for analysis at other time intervals (1 
hour, 4 hours) as well. It was found in most cases that, during the initial 
2 hour interval, and at the initial substrate concentration of 0.05 m, the 
rate at pH 5 was linear with time within the precision of the analytical 
methods employed. It was assumed that the extent of transamidation at 
pH 5 was sufficiently small so that it could be neglected (3). 

Glycyl-L-tyrosinamide acetate, glycyl-L-phenylalaninamide acetate, l- 
alanyl-L-tyrosinamide acetate, and glycylglycyl-L-phenylalanine ethyl es- 
ter acetate were prepared as described previously (5). The synthesis of 
glycyl-L-phenylalanine ethyl ester hydrochloride and L-seryl-L-tyi’osin- 
amide hydrochloride also has been described (4). 

For the synthesis of the other compounds tested as substrates, the general 
method of Vaughan and Osato (13) was used. The coupling reaction was 
usually performed by first preparing at —5° the requisite mixed anhydride 
from the carbobenzoxy amino acid (0,01 mole) and isobutylchlorocarbo- 
nate (0.01 mole) in the presence of triethylamine (0.01 mole) and toluene 
(20 ml.). After 15 minutes, a chilled mixture of the amino acid ethyl ester 
hydrochloride (0.01 mole), triethylamine (0.01 mole), and chloroform (20 
ml.) was added. The reaction mixture was left at room temperature over- 
night, washed Avith AAnter, dilute bicarbonate solution, and Avater; the or- 
ganic layer aa^s dried A\ath exsiccated Na 2 S 04 , and concentrated in vacuo 
to jdeld the desired carbobenzoxy dipeptide ester. For conversion of the 
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ester to the corresponding amide, the compound (about 0.01 mole) was 
di.^solvcd in 25 ml. of methanol pro\'iou.sl3'’ saturated with drj" NII3 at 0°, 
and the solution was kept at room temperature for 2 daj'S. The solution 
was then concentrated in vacuo to give the carbobenzoxy dipeptide amide. 
The removal of the carbobenzoxi' group was performed in the usual man- 
ner bj* catalj'tic lydrogenolj’sis in the presence of palladium-black and the 
equivalent amount of 10 N lydrochloric or of glacial acetic acid; ethanol 
was used as the solvent. 

Ghjcyl-irtyrosinc Ethyl Ester Hydrochloride — This compound was pre- 
pared b.v lydrogcnob-sis of 1 gm. of the carbobenzox}’’ derivative (14). 
Yield, O.G gm.; [a]^* -f 17.1° (2 per cent in water). 

Cidli.OiNTCl (302.S). C.ilculated, N .1.3; found, N 9.5 

The acetate of this dipeptidc ester has been described previouslj’^ (4). 

Glycyl-O-mcthyl-'L-tyrosinainidc Acetate — 3 gm. of O-metlnd-L-tjTosine 
(15) were converted to the etlyl ester lydrochloride in the usual manner. 
Yield, 92 per cent; m.p., 202°; [a]^ —4.9° (2 per cent in water). 

CisHhO-NCI (259.7). Calculated, N 5.4; found, N 5.4 

The coupling reaction gave an oilj- carbobenzoxy dipeptide ester, which 
was converted to the crj'stalline amide with an over-all jdeld of G1 per 
cent; m.p., 132°. 

C;cH;,OjY, (3S5.4). Calculated, N 10.9; found, N lO.S 

Hj'drogenolj’sis gave the dipeptide amide acetate; yield, 63 per cent; 
-}-39.5° (2 per cent in water). 

CnHiiOiNj (311.3). Calculated, N 13.5; found, N 13.4 

Sarcosyl-\j-tyrosinamide Hydrochloride — Sarcosine (0.1 mole) was carbo- 
benzoxjdated in the usual manner to give the oilj’' carbobenzox3^sarcosine 
in a 346^ of 97 per cent. The coupling reaction gave the carbobenzox3’' 
dipeptide ester in a 3ield of (j 4 per cent; m.p., 136°. 

CiiHscOeNj (414.5). Calculated, N 6.8; found, N 6.7 

The amide was obtained in a yield of 85 per cent; m.p., 122-124°. 

CsoHiaOjNj (385.4). Calculated, N 10.9; found, N 11.0 

Hydrogenolysis of 1.3 gm. of the amide gave the desired product in a 34614 
of 87 per cent; [aln" 4-31.5° (2 per cent in water). 

CijHisOjNaCl (287.8). Calculated, Is 14.6; found, N 14.3 

Sarcosyl-ir-iyrosine Ethyl Ester Hydrochloride — ^H3'’drogenol3’’sis of 2 gm. of 
the carbobenzoxy compound gave the product in 96 per cent 34eld. The 
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substance was reciystallized from methanol-ether; [a]l^ +11.0° (2 per cent 
in water). 

CUH 21 O 4 N 2 CI (316.8). Calculated, N 8 . 8 ; found, N 8.8 

Sarcosyl-'L-phenylalaninamide Hydrochloride — The carbobenzoxy dipep- 
tide ester was obtained as an oil, and was converted to the amide (over-all 
yield, 49 per cent); m.p., 134°. 

C 20 H 23 O 4 N 3 (369.4). Calculated, N 11.4; found, N 11.2 

Hydrogenolysis gave the dipeptide amide hydrochloride in 84 per cent 
3''ield; [q!]d^ +25.4° (2 per cent in Avatcr). 

C 12 H 18 O 2 N 3 CI (271.8). Calculated, K 15.5; found, N 15.2 

Sarcosyl-h-phenylala7iine E.thyl Ester Hydrochloride — I-Iydrogenol 3 ’'sis of 
the oily carbobenzoxy compound gave the product in 82 per cent .vield; 
[a]^ +4.7° (2 per cent in Avater). 

C14H21O3N2CI (300.8). Calculated, N 9.3; found, N 9.3 

jj-Prohjl-'L-tyrosinamide Hydrochloride — ^The oil}’’ carbobenzoxy dipeptide 
ester AA-as coiiA^erted to the amide (oA’’er-all jdeld, 52 per cent); m.p., 172- 
173°. 

C 22 H 23 O 5 N 3 (411.5). Calculated, N 10.2; found, X 10.0 

Hj’-drogenolysis gaA'e the dipeptide amide in ])Oti-crystallinc form (.yield; 
99 per cent). Despite repeated preciiiitation from methanol-ether, the 
substance could not be obtained in a completely pure state. 

C14H20O3N3CI (313.8). Calculated, N 13.4; found, N 12.7 

'h-Prolyl-'L-tyrosine Ethyl Ester Hydi'ochloride — Hydrogenol 3 ''sis of the oilj'' 
carbobenzoxy compound gaA'-e a non-crystalline solid in 80 per cent jdeld; 
—29.3° (2 per cent in AA-ater). 

C 1 CH 23 O 4 N 2 CI (342.S). Calculated, N S.2; found, N 7.9 

'L-Prohjl-j^-phenylalaninamide Hydrochloride — The oily carbobenzox.y di- 
peptide ester aa’us coiiA'-erted to the amide (over-all yield, 68 per cent); m.p., 
180-181°. 

C22H25O4N3 (395.5). Calculated, N 10.6; found, N 10.4 

Hydrogenolysis gave a non-crystalline product; jncld, 94 per cent; [a']f 
— 15.8° (2 per cent in Avater). 

C 14 H 20 O 2 N 3 CI (297.7). Calculated, N 14.1; found, N 13.8 
'L-Prohjl-i^-phemjlalanine Ethyl Ester Hydrochloride— Hydrogenolysis of 
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the oily carhohenzoxy compouiKl pave the desired product in cr 3 'stalIino 
form; jneld, 75 per cent ; [«1p — 10.0° (2 per cent in water). 

CieUrjOjXtCl (.'?2G.S). C.alcul.iled, X S.G; found, X S.5 

Wlien 32.7 mg. of thi.s sid)Stancc were subjected to enzymic li 3 *drol.vsis by 
cathepsin C at pll 5 under the usual conditions, a cr 3 -stallinc precipitate 
appeared within 90 minutes. After 4 hours, 55 per cent of the c-stcr had 
disappeared, as judged b 3 - the lu'droxamic acid method, and the cr 3 ’sta]s 
were filtered off, washed with water, and drier!. Yield, 12.5 mg.; m.p., 
242-244°. with decomposition. This product is L-prol 3 'l-i.rphen 3 -lalanino 
(7). 

CmHuOjX; (2G2.3). C.-ilcul.iled, .X 10.7; found, X lO.S 

Ghjcijl-X-viclIiyl-h-phcnulalauitiamidc Hydrochloride — ^A'-Meth 3 'l-L-phen- 
3 -lalanine was prepared from 3.3 gm. of D-phcn 3 ’lalanine in a manner simi- 
lar to that dc.^cribed for the conversion of i.-methione to A'-metln'l-n-meth- 
ionine (16). Yield, 1.0 gm. (.53 per cent); [a]^ -f4S.4° (2 per cent in 0.13 
X XaOH). Fischer (17) has reported [aje +40.7° (2 per cent in 0.1 x 
XaOH) for this compound. It wa.s converted in the usual manner to the 
et h 3 'l ester In'drochloride. Yield. 0(» per cent ; m.p.. 133°; [a]^ + 7.8° (2 per 
cent in water). 

CiillnOiX'Cl (243.7). Calcul.atcd, X 5.7; found, X 5.3 

The oih' carbobenzoxy dipeptide e.ster was converted to the amide which 
cr 3 '.stallized with difiicult 3 ’. Over-all 3 'ield, 43 per cent; m.p., 130°. 

CinH-sOiXj (3G9.4). Calculated, X 11.4; found, X’ 11.7 

H 3 'drogenol 3 'sis gave the dipeptide amide h 3 'drochloride, which was recr 3 ’s- 
tallized from a mixture of methanol, acetone, and eth 3 d acetate. Yield, 
61 per cent; [a]f —19.6° (2 per cent in water). 

CiiHisOiX’jCl (271.S). Calculated, X 15.5; found, X 15.5 

This compound was found to decompose with the liberation of ammonia 
when in contact with the carbonate used in the Conwa 3 ' method. 

Glycyl-N-melhyl-i,-phenylalamnc Ethyl Ester Hydrochloride — H 3 'drogeno- 
l 3 'sis of the oih' carbobenzox 3 ' compound gave the product in poor 3 neld 
(25 per cent). 

ChH;i 03 X:C 1 (300.8). Calculated, X 9.3; found, X 9.3 

i.-Alanyl-i^-iyrosine Ethyl Ester Hydrochloride — ^H 3 'drogenol 3 ’’sis of the 
carbobenzox 3 ' compound (18) gave the desired product in 85 per cent 3 'ield ; 
[aln* +6.4° (2 per cent in water). 

CuH«,0<XiCl (316.8). Calculated, N 8.8; found, X 8.6 
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T>-Alanyl-'L-tyrosine Ethyl Ester Hydrochloride — The coupling product was 
obtained in 78 per cent yield; m.p., 105-107°. 

C22H26O6N2 (414.5). Calculated, N 6.8; found, N 6.7 

Hydrogenolysis gave the dipeptide ester hydrochloride in 90 per cent yield ; 
+4.9° (2 per cent in water). 

Ci 4H2 iO<N 2CI (316.8). Calculated, N 8.8; found, N 8.5 

a'Aminoisobutyryl-h-tyrosine Ethyl Ester Hydrochloride — Carbobenzoxy- 
a-aminoisobutyric acid was prepared in the usual manner; jdeld, 53 per 
cent; m.p., 64-66°. 

C12H16O4N (237.3). Calculated, N 5.9; found, N 5.8 

The oily carbobenzoxy dipeptide ester was subjected to hydrogeno^'^sis, 
yielding a non-crystalline solid in 45 per cent yield; —9.1° (2 per cent 
in water). 

C15H23O4N2CI (330.8). Calculated, N 8.5; found, N 8.4 

a-Aminoisobutyryl-h-phenylalanine Ethyl Ester Hydrochloride — The cou- 
pling product was obtained in 35 per cent yield; m.p., 94-95°. 

C23H28OSN2 (412.5). Calculated, N 6.8; found, N 6.8 

Hydrogenolysis gave the dipeptide ester hydrochloride in non-crystalline 
form. Yield, 77 per cent; [a]l^ —18.1° (2 per cent in water). 

CieH 23031SI2C1 (314.8). Calculated, IS! 8.9; found, N 9.0 

On incubation of 31.5 mg. of this compound dissolved in 2 ml. at pH 7.5 
and 37° for 4 hours, 7.6 mg. of a crystalline precipitate were obtained (m.p., 
290-292°, decomposition); its nitrogen analysis agrees with that of a-amino- 
isobutyryl-L-phenylalanine diketopiperazine . 

C13H18O3N2 (232.3). Calculated, N 12.1; found, N 12.2 

ii-Leucyl-h-phenylala7iinamide Acetate — The coupling reaction gave an 
oily carbobenzoxy dipeptide ester, which was converted to the amide (over- 
all yield, 80 per cent); m.p., 176-178°. 

C23H29O4N3 (411.5). Calculated, N 10.2; found, N 10.1 

Hydrogenolysis gave the dipeptide amide acetate in a yield of 53 per cent. 

C17H27O4N3 (337.4). Calculated, N 12.5; found, N 12.3 

t,-Le 7 icyl-n-phenylalanine Ethyl Ester Hydrochloride — H 3 ’'drogenolysis of 
the oily carbobenzoxy compound gave the desired product in an over-all 
yield of 45 per cent; [af^ -3.8° (2 per cent in water). 

C17H27O3N2CI (342.9). Calculated, N 8.2; found, N 8.2 
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}'>-TA-unjl-'i.-phcni/laIa}ii7ic Elhul Eslcr Hydrochloride — ^The carbobenzoxy 
(lijicptido P5tor was obtained in crystalline form (3deld, 46 per cent); m.p., 
114-115°. 

C:»Hj;OsN'. (•t-in..';). C.-ilculatcd, N C.4; found, N G.4 

Il.vdrogcnol.vsis pave the dipoptide ester In’drocliloride in a jdeld of 90 per 
cent; [a]n* — 13.3° (2 per cent in water). 

CiTlIt^OjN-.Cl (.'?t2.0). Calculated, N S.2; found, N 8.1 

i.-Lysyl-'L-iiyoainajnidc Dihydrohromidc — The dicarbobenzox}' dipeptide 
ester was obtained as a product melting at 106-107°; 5'icld, 73 per cent. 

CjjTIi.O.Xi (GOo.7). Calculated, X 6.9; found, X 7.1 

The ester was converted nearbv quantitativeK* to the amide; m.p., 183° (19). 

CjiIbtOrXj (576.7). Calculated, N 9.7; found, X 9.5 

Tlie dccarbobenzoxj’lation was effected bj’ treatment with HBr-acetic 
acid (20); jncld, 92 per cent; +17.3° (2 per cent in water). 

C„H:cO,X<I3r; (470.2). Calculated, X 11.9; found, X 11.6 

■L-Lysyl-ij-tyrosinc EUiyl Eslcr Dihydrocldoridc — ^Hydrogenolj'sis of the 
carbobenzoxy compound gave this substance in 97 per cent jdeld; [a]o' 
+16.9° (2 per cent in water). 

Ci7H.,0<NaClj (410.3). Ciilculatcd, N 10.2; found, X 10.0 

ir-Lysyl-ir-phcmjlalaninamidc Dihydrochloride — The dicarbobenzoxj’’ di- 
peptide ester was obtained in a jdeld of 65 per cent; m.p., 131°. 

CjjHjjOtXj (5S9.7). Calculated, N 7.1; found, N 7.2 

The corresponding amide was obtained in a jdeld of 95 per cent; m.p., 170°. 

CjiHjcOsXa (560.7). Calculated, N 10.0; found, X 9.7 

H3’^drogenol3’’sis gave the desired dipeptide amide dih3'^drochloride in a 
3neld of 89 per cent; [aln" +38.0° (2 per cent in water). 

CitHicOiNaCli (365.3). Calculated, X 15.3; found, X 15.1 

'L-hysyl-i.-phenylalanine Ethyl Ester Dihydrochloride — ^H3'-drogenol3’-sis of 
the carbobenzox3'- compound gave this product in 98 per cent 34eld; [a]n" 
+ 14.5° (2 per cent in water). 

CiTHiaOjXjCla (394.3). Calculated, X 10.6; found, X 10.6 

erAcelyl-x,-lysyl-jj-tyrosinamide Hydrochloride — e-Acetyl-L-lysine (21) was 
carbobenzox3dated in the usual manner to 306^ an oily product. The 
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coupling reaction gave the desired compound in 78 per cent yield; m.p., 
165°. 


C 27 H 36 O 7 N 3 (513.6). Calculated, N 8 . 2 ; found, N 7.9 

The acylated dipeptide ester was converted to the amide with a yield of 
93 per cent; m.p., 235°. 

C 2 bH 3206 N< (484.6). Calculated, N 11.6; found, N 11.3 

Hydrogenolysis gave the desired product in 97 per cent yield; [a]f +17.5° 
(1 per cent in water). 

C 17 H 27 O 4 N 4 CI (386.9). Calculated, N 14.4; found, N 14.2 

e-Acetyl-i>-lysyl-L-tyrosine Ethyl Ester Hydrochloride — Hydrogenolysis of 
the carbobenzoxy compound gave this product with a yield of 85 per cent; 
[a]l^ +13.2° (1 per cent in water). 

C 19 H 30 O 6 N 3 CI (415.9). Calculated, N 10.1; found, N 9.8 

e-Acetyl-h-lysyl-ij-phenylalaninamide Hydrochloride — The coupling prod- 
uct was obtained in a yield of 76 per cent; m.p., 157°. 

C 27 H 350 cN 3 (497.6). Calculated, N 8.4; found, N 8.2 

The corresponding amide was obtained in a yield of 95 per cent; m.p., 236°. 

C 26 H 32 O 6 N 4 (468.6). Calculated, N 11.9; found, N 11.7 

Hydrogenolysis gave the dipeptide amide hydrochloride; jdeld, 93 per cent; 
Hd^ +28.0° (1 per cent in water). 

C17H27O3N4CI (370.9). Calculated, N 16.1; found, N 14.9 

e-Acetyl-Jj-lysyl-h-phenylalanine Ethyl Ester Hydrochloride — Hydrogenol- 
ysis of the carbobenzoxy compound gave the acetyl dipeptide ester in 75 
per cent jdeld; [a]'^ +12.6° (2 per cent in water). 

C 19 H 30 O 4 N 3 CI (399.9). Calculated, N 10.5; found, N 10 5 

When 2 ml. of a 0.05 m solution of this substance were kept at pH 7.5 and 
37° for 24 hours, 8.7 rag. of a crystalline compound separated; m.p., 238- 
239°. Its nitrogen analysis agrees with that of the diketopiperazine. 

C 17 H 23 O 3 N 3 (317.4). Calculated, N 13.2; found, N 12.9 

e-Benzoyl-Jj-lysyl-ij-tyrosinamide Hydrochloride — e-Benzoyl-L-lysine was 
prepared by the method of Kurtz (22) and carbobenzoxylated in the usual 
manner to yield an oily product (yield, 96 per cent). The coupling product 
also could not be crystallized and was converted to the amide (over-all 
yield, 54 per cent); m.p., 215-216°. 

CjoHsiOe^h (546.6). Calculated, N 10.2; found, N 10.0 
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llydrogcnolypi.s gave the bcnzo^'l dipeptide ester as a iiou-cr 3 'stalIine solid 
in a .yield of SG per cent ; [ajp* +32.6° (1 per cent in valer). The ana^'sis 
va.s not satisfactory. 

CtdltsOiNhCI (-l-ia.O). Calcul.atcd, N 12.5; found, N 11.8 

t-Bcnzoyl-jj-Iysyl-ij-iijrosinc Ethyl Ester Hydrochloride — lij'drogenoij'sis 
of the carbobcnzox 3 ' compound gaye the product in a jdeld of 95 per cent; 
la]? +24.3° (1 per cent in vatcr). 

C;,H,:OjNsCl (-17S.0). C.ilcula(ed, X S.S; found, N S.G 

e~Bcnzoyl-ii-lysyl-i,-phc7iylalaninamidc Hydrochloride — The coupling prod- 
uct was obtained in a jneld of 69 per cent; m.p., 140°. 

CjiHjtOjXj (559.7). Calculated, X 7.5; found, X 7.5 

The amide was prepared with a jdeld of 82 per cent ; m.p., 210°. 

CjoTI:iOtX4 (5-30.0). Calculated, X lO.C; found, X 10.6 

Hj'drogenolj’sis gave the desired product as a non-ciystalline soUd; jdeld, 
88 per cent; [a]? +30.5° (1 per cent in water). 

C-jUjsOjX^Cl (433.0). Calculated, X 12.9; found, N 12.0 

^Bcnzoyl-ir-lysyl-iu-phenylalaiiine Ethyl Ester Hydrochloride — Hj^drogen- 
olysis of the carbobenzoxy compound gave the product in a yield of 93 per 
cent; [a]? +21.3° (1 per cent in water). 

C;,H5:0,N,C1 (402.0). Calculated, N 9.1; found, X^ 8.8 

Acctyl-h-phenylalaninc Ethyl Ester — ^This substance was prepared bj'- the 
treatment of acetjd-L-phenjdalanine with HCl in absolute ethanol. Yield, 
85 per cent; m.p., 93-94°. 

C13H17O3X (235.3). Calculated, X 6.0; found, X 5.9 

The authors wish to acknowledge with gratitude the valuable assistance 
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SUJIMARY 

A study of the action of purified beef spleen cathepsin C on a series of 
dipeptide amides and dipeptide esters at pH 5 has shown that the rate of 
hj’-di’olysis of the amide or ester bond depends on the structure and con- 
figuration of both amino acid residues present in the compound. The 
presence of n-amino acid residues in the substrate renders the sensitive 
bond more resistant to hydrolysis by cathepsin C. The rate of action of 
the enzyme is also decreased by the presence of large side chain groups 
(isobutyl, eacetylamino-n-butyl) in the iV^-terminal L-amino acid residue of 
the substrate. Although methylation of the terminal a-amino groups of a 
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suhsirnic sucli ns Rl 3 T-y]-L-tyrosiimmidc diminishes the rate of hydrolysis, 
conipnraljlo derivai ivcs of L-prol 3 d dipeptides are hydrolyzed rapidly. The 
t'fi'cet of slniclural changes in substrates of cathepsin is evident also at pH 

7.0, where Iransnniidation reactions can occur. The substances resistant 
In hj’drol.ysis at. j)!! 5 do not participate as substrates in polymerization 
reactions at. pH 7.5. The L-prolyl dipeptide esters and amides, though 
h.ydrob'zcd at, pH 7.5, do not form polymers, since these substrates do not 
ajipcar to be active as replacement agents. 
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In any consideration of carbohydrate metabolism of the liver, glucose-6- 
phosphate plaj-s an important role. Glucose must first lie phosphorjdated 
to glucose-6-phosphate in order to enter the glycoljdic pathway to form 
glycogen and fat for storage, or to be burned for energj'. On the other 
hand, liver phosphatase must split glucose-6-phosphate into glucose and 
inorganic phosphate before stored carbohydrate, or that arising from gluco- 
neogenesis, can be supplied to the blood as glucose (1). Glucose-6-phos- 
phate is hydrolyzed b}' an organic phosphatase that is associated with the 
microsome fraction of liver cells (2). This enzjTne appears to have a high 
degree of specificitj’’ for glucose-6-phosphate and differs in several respects 
from the less specific acid and alkaline phosphatases. The actmty of this 
enzjTne has been assayed (a) by measuring the release of inorganic phos- 
phate from glucose-6-phosphate (G-6-P) (3) and (b) bj' measuring mano- 
metricallj' the glucose released from G-6-P when this substrate was in- 
cubated with liver homogenates and glucose oxidase (4). 

There is ample reason to believe that the acti\'ity of liver glucose-6- 
phosphatase changes markedly with various states of carbohj’-drate metab- 
olism. Ex-tremelj' low glucose-6-phosphatase actmty has been found in 
cases of von Gierke’s (glycogen storage) disease (5) in which the blood 
sugar is low and liver glycogen is very high. Nemeth (6) has recentl}' 
demonstrated that the glycogen content of fetal liver is related to liver 
glucose-6-phosphatase acthdty. On the other hand, glucose-6-phosphatase 
actiY-ity greater than normal has been found in the liver of fasting and 
alloxan-diabetic rats (4, 7, 8). 

These observations have led us to investigate the changes in liver glucose- 
G-phosphatase actmty in animals after the injection or removal of hor- 
mones known to influence carboh 3 'drate metabolism. 

* This work was supported in part by the United States Atomic Energy Commis- 
sion and the Eugene Higgins Trust, through Harvard University. 

t Present address, Peter Bent Brigham Hospital, Boston, Massachusetts. 
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EXPERIMENTAL 

Preparation of Animals — ^Adult male albino rats, weighing 200 to 300 
gm., of the Wistar strain, maintained on Purina laboratory chow, were 
used unless otherwise specified. Diabetes was produced by the intraven- 
ous injection of alloxan (40 mg. per kilo). Only animals which had blood 
sugar greater than 300 mg. per cent and in which at least 15 days had 
elapsed after injection of alloxan were used. Bilateral adrenalectomy was 
performed under ether anesthesia and the animals ivere used 4 to 6 days 
after operation. Adrenalectomized rats were maintained on 1 per cent 
NaCl ad libitum. H 3 ^ophysectomized rats (Sprague-Dawley) were pur- 
chased from the Hormone Assay Laboratories. Normal rats from the same 
source were maintained under conditions identical to those used for the 
hypophysectomized animals. These rats were maintained on 5 per cent 
sucrose solution and Purina laboratory chow ad libitum. Seminal vesicle 
size Avas taken as evidence of completeness of hypophysectomy. 

Rats receiving insulin were injected subcutaneously with 5 units of prota- 
mine Zn insulin at 12 hour intervals during the course of treatment. An 
aqueous suspension of microciystals of 17-hydroxycorticosterone was in- 
jected subcutaneously (5 mg. per 12 hours) when adrenal cortical hormone 
Avas studied over a 48 hour period. For shorter time studies, a solution 
of this hormone in propylene glycol was injected subcutaneously (6 mg. 
per 12 hours). 

Medium and Substrates — In liver slice experiments the animals AA^ere 
sacrificed under Amytal anesthesia and the liver AA'as removed and sliced 
AABth a Stadie sheer. Liver slices AAm-e incubated in a medium containing, 
in millimoles per liter, K+ = 70, Mg++ = 20, Ca++ = 10, HCOs" = 40, 
Cl" = 90. The solutions AA'ere equilibrated AA'ith 5 per cent C02-95 per 
cent O 2 , giving a pH in the presence of liver slices varying between 7.4 and 
7.5. Potassium pyTuvate-2-C^^, 40 mmoles per liter, AA’'as used as added 
substrate. 

Methods — Liver glucose-G-phosphatase AA^as assayed by the phosphate 
release method previously described (4). 0.5 gm. of liver was homogenized 
in 6 ml. of distilled water and 0.1 ml. of this solution AA'^as incubated for 
30 minutes at 30° AAuth 0.2 m G-6-P in 0.1 m citrate buffer (pH 6.3), and the 
release of inorganic phosphate measured by the method of Fiske and Subba- 
row (9), In the liver slice experiments, the procedures for chemical and 
isotopic analyses used AA'ere the same as those previously described (10). 

Results 

Glucose-6-phosphatase Activity of Liver Homogenates — The data on 
glucose-6-phosphatase actiAuty of rat livers under the several experimental 
conditions are presented in Table I, and for coin^enience of discussion the 
mean A^alues of significance are graphically compared in Fig. 1. 
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By our assay, liver from normal fed male rats had a mean actinty of 
157, expressed as micromoles of G-6-P hydrolyzed per gm. of wet liver per 
30 minutes. This activity was increased to 225 per cent of normal in 
alloxan diabetes. Adrenalectomy in the normal rat was without effect, 

T.\bi.f. I 

Gluco?c-€-phn!:phnta!!c Acltvitij of Rat Liver Homogenates 
Glucose-6-phosphatasc activity per gm. of liver is expressed as micromoles of 
G-6-P split per 30 minutes at 30°, ^vhilc activity per total liver is e.xpressed in micro- 
moles X 10“’ for convenience. 


1 

.\nimals 1 

i 

Xo. 

ob«crv‘cd 

Mean 

Standard 

error 

! -p* 

1 

Activitj- per gm. 

Normal 

12 

157 

12 


Diabetic 

12 

i 354 


<0.01 

Fasted normal 

13 

i 26S 

S 


Fasted diabetic 

7 

2SS 

26 

<0.01 

Normal -F cortical hormone 

c 

210 

6 

<0.01 

Normal -F insulin 

1 7 

107 

6 

<0.01 

.\drenalectomized 

1 o 

17S 

17 


.^drenalectomized -F insulin 

: 6 

78 

4 

mSEM 

Diabetic-adrenalectomized 
Diabetic-adrenalectomized -F cortical hor- 

6 

172 

15 

>0.05 

mone 

6 

341 

13 

<0.01 

Normal! 

6 

145 

5 


Hj'pophj’sectomized 

7 

135 

2 


Hj'pophysectomized -F insulin 24 hrs. 

5 

120 

1 1 

<0.01! 

Hj-pophysectomized -F insulin 4S hrs. 

4 

5S 

i 2 

<0.014 

H>'pophj'sectomized + cortical hormone 

4 

157 

5 

<0.05! 


Acti%’ity per total liver 


Normal 

6 

2.37 

0.14 


Diabetic 

6 

5.25 

0.47 

<0.01 

Fasted normal 

7 

2.60 

0.14 

>0.05 

Fasted diabetic 

4 

3.00 

0.20 

>0.05 

Normal -F cortical hormone 

4 

2.51 

0.10 

>0.05 

Normal -F insulin 

7 

1.66 

0.14 


.4.drenalectomized 

5 

1.S6 

0.10 

<0.05 

Adrenalectomized -F insulin 

6 

1.14 

0.07 

<0.01 

Diabetic-adrenalectomized 
Diabetic-adrenalectomized -F cortical hor- 

4 

2.62 

0.17 

>0.05 

mone 

1 

4 ' 

1 

3.96 

0.17 

<0.01 


* Calcxdated P value as compared with normal fed animals, 
t Kormal rats obtained from the Hormone Assa 3 ' Laboratories and maintained 
under the same conditions as the hj-pophj'sectomized animals. 

% Calculated P value as compared with hj*pophj'sectoinized animals. 
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but adrenalectomy in the diabetic returned the liver phosphatase activity 
to normal. That this effect ivas due to the removal of adrenal cortical 
hormone was evidenced by the increase in phosphatase in the adrenalec- 
tomized-diabetic animals to diabetic levels, 218 per cent of normal, by 
the injection of cortical hormone over a 48 hour period. Injection of 
corticoid in the normal resulted in a slight increase in the glucose-6-phos- 
phatase activity (134 per cent). Weber ct al. have observed a similar 
increase in phosphatase following administration of cortisone acetate over 
a 5 day period (11). We have previously found that injection of insulin 



Fig. 1. Changes in rat liver glucose-6-phosphatase with insulin and adrenal 
cortical hormone. The micromoles of G-6-P split per gm. of wet liver per 30 minutes 
at 30° are plotted for the various conditions studied. Changes with cortisone were 
measured 48 hours after subcutaneous injection of a microcrystalline suspension of 
the hormone. Insulin effects were measured following 24 hours treatment with pro- 
tamine Zn insulin. Adx N = adrenalectomized animal; adx D = adrenalectomized- 
diabetic; Adx D + E = adrenalectomized-diabetic animals receiving cortisone; 
N + E = normal rats receiving cortisone; N + I = normal rats receiving insulin; 
Adx -f I = adrenalectomized rats treated with insulin. 

into diabetic rats over a 48 hour period will return glucose-6-phosphatase 
activity per gm. of liver toward normal (4). Injection of insulin in the 
normal animals caused phosphatase activity to decrease to 68 per cent of 
normal, while injection of insulin into adrenalectomized rats resulted in a 
50 per cent decrease in phosphatase activity. 

Livers of hypophysectomized rats have an essentially normal glucose-6- 
phosphatase activity. Injection of insulin in these animals over a 48 hour 
period caused phosphatase activity to be reduced to 37 per cent of the nor- 
mal value. Administration of cortical hormone caused a slight (116 per 
cent) increase in phosphatase activity. 

In the lower part of Table I, glucose-6-phosphatase activity of total 
liver mass has been calculated. Phosphatase activity per total liver 
(activity per gm. of liver X total liver weight) paralleled the activity per 
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gm., except in the fasted animals and cortical hormone-treated normal 
animals. In both of these latter eases, a reduction in liver mass occurred 
approximately equivalent to the increase in glucosc-6-phosphatase con- 
centrations. 


Table II 


Glucosc-6-phasphalasc Aclivily of Rai Liter Microsomes 


Animal 

No obsened 

pmole G-^P 
Mg. -V 

Standard 

error 

Normal . . 

4 

13.7 

±0.8 

Diabetic . .... . . . 

4 

22.2 


-■tdrenalectomized-diabetic . . 

3 

11.2 


Hvpophvsectomized . . 

4 

11.0 


“ -f insulin, 24 hrs 

5 

8.4 

±0.45 

“ -b corticoid 

4 

13.4 

±1.7 



Fig. 2. Biochemical sequence of events after insulin administration to diabetic 
rats. Curve A, blood glucose in mg. per 100 ml.; Curve B, values expressed in micro- 
moles of p3-ruvate-2-C'* incorporated into glucose per gm. of liver per 90 minutes; 
Curve C, rat liver glucose-6-phosphatase activity as micromoles of G-6-P split per 
gm, per 30 minutes at 30°. N, mean normal value. 

Glucose-6-phosphalase Activity of Ldver Microsomes — Since glucose-6- 
phosphatase is found in the microsome subcellular fraction, livers from 
normal, diabetic, adrenalectomized-diabetic, and h3q)ophysectoinized rats 
treated with insulin were homogenized in cold distilled water and the 
microsomes collected by differential centrifugation (12). 80 to 95 per cent 
of the activity of the whole homogenate was recovered in the microsome 
fraction. The activities of these fractions expressed in terms of G-6-P hj’’- 
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dvolyzed per mg. of microsome N per 30 minutes are given in Table II. 
Nitrogen was determined by the micro-Kjeldahl method. The glucose-6- 
phosphatase activities found in the microsome fractions paralleled those 
found in whole homogenates for the various animal preparations tested. 

Table III 

IncorTporation of Carhon from Pyruvate into Glucose, Glycogen, and Fatty Acids hy 
Liver Slices at Varying Time Intervals after Corticoid Administration 


All the values are e.xpressed as micromoles per gm. of vet liver per 90 minutes. 


Experiment 

No. 

Duration of 
corticoid 
administra- 
tion 1 

1 

Pyruvate 

utilized 

Glycogen 

Glucose 

Pyruvate 
to fatty 
acid 

1 

Net change 

Pyruvate to 

N^ct change 

; Pyruvate tc 

Normal 


lirs. 







1 

0 

270 

-64 

17.3 

58 

9 

41 

2 

0 


-44 

12.4 

82 

23 

46 

3 

0 

■■ 


9.4 

81 

16 

50 

Diabetic-adrenalectomized 

1 

0 

242 

-55 

8.9 

62 

14 

15 

2 

0 

222 

-72 

15.0 

67 

12 

51 

3 

0 

241 

-164 

13.6 

62 

29 

16 

4 

0 

233 

-217 

11.2 

62 

25 

29 

5 

0 

276 

-67 

21.0 

67 

31 

30 

6 

2 

282 

-102 

9.3 

69 

34 

12 

7 

2 

268 

-106 

9.5 

51 

29 

8 

8 

6 

287 

-76 

14.6 

92 

66 

10 

9 

6 

250 I 

-71 

14.2 

106 

56 

7 

10 

12 

234 

-42 

7.5 

115 

55 

3 

11 

12 

214 

-25 

12.0 

91 

46 

3 

12 

24 

230 

-63 

5.0 

89 

44 

4 

13 

24 

246 

-47 

7.4 

82 


5 

14 

24 

264 


5.0 

105 

52 

5 

15 

24 

270 

-23 

4.7 

142 

47 

6 

16 

24 1 

222 

1 

2.9 

127 

40 

6 

17 

48 

350 

-80 

9.2 

136 

64 

4 

18 

48 

294 

-19 

8.3 

120 

45 

2 

19 

48 

286 

-29 

7.0 

126 

45 

1 

20 

48 

263 

-24 

8.5 

107 

46 

5 

Diabetic 

1 

0 

276 

-56 

4.0 

94 

52 

1 

2 

0 

250 

i -33 

1.6 

131 

54 

4 

3 

0 

281 

-40 

2.4 

82 

40 

4 
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Biological Sequence of Events after Insulin Injection — have extended 
the previously reported metabolic changes in metabolism of liver slices of 
alloxan-diabetic rats sacrificed at various times after insulin administration 
(10) to include glucose-6-phosphatasc actiinties. The experiments re- 
ported here (Fig. 2) relate the fall of blood sugar in the animal (Cuive A), 
incorporation of carbon from p3TTivatc-2-C‘* into glucose (Curv'e B), and 
changes in liver glucose-6-phosphatasc (Cun-e C). There vas an immedi- 
ate response of blood sugar to injected insulin, normal values being reached 
in 5 hours. Gluconcogencsis (pjTUvate to glucose) continued at diabetic 



Fig. 3. Biochemical sequence of events after administration of adrenal cortical 
hormone (5 mg. per 12 hours) to adrenalectomized-diabetic rats. Curve A, change 
in blood glucose from time zero in mg. per 100 ml. Curve B, values expressed in 
micromoles of p\'ruvate-2-C” incorporated into glucose per gm. of liver per 90 min- 
utes. Curve C, rat liver glucose-6-phosphatase activit 3 " as micromoles of G-6-P 
split per gm. per 30 minutes at 30°. N, mean normal value; D, mean diabetic value. 

rates during this period and -was returned to normal onlj* after 24 to 48 
hours of insulin therapt'. Phosphatase activity' per gm. of liver likewise 
remained at diabetic levels for 6 hours after administration of insulin but 
had decreased after 12 hours. 

Biological Sequence of Events after Adrenal Cortical Hormone Injection — ■ 
Since we had found that 48 hours after administration of cortical hormone 
to adrenalectomized-diabetic rats increased the glucose-6-phosphatase 
actmty from normal to diabetic values, changes in phosphatase activity 
and pyruvate-2-C“ metabolism were followed with time after cortical 
hormone administration, as in the time-insulin studies. The data on the 
metabolism of pyruvate-2-C‘'* by liver slices from such animals are pre- 
sented in Table III, and mean values are plotted against time in Fig. 3. 
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The incorporation of pyruvate carbon into glucose, glycogen, and fatty 
acids was essentially normal in the adrenalectomized-diabetic hver. Ad- 
ministration of cortical hormone in vivo returns this metabolism to diabetic 
levels. Cortical hormone caused an increase in pyravate conversion to 
glucose within 2 hours; diabetic values were reached in 6 hours (Curve B). 
The increase in blood glucose (Curve A) parallels the increase in glu- 
coneogenesis shown in Curve B. Liver glucose-6-phosphatase activity 
(Curve C) was not increased during the first 6 hours after administration 
of cortical hormone; it was slightly increased at 12 hours and had reached 
diabetic levels only after 48 hours. Pjo-uvate conversion to glycogen n-as 
not materially decreased until more than 12 hours had elapsed, but pyrin^ate 
conversion to fatty acids was appreciably decreased in 2 hours and had 
reached diabetic values in 12 hours after corlicoid administration (Table 
III). 


DISCUSSION 

Experimental studies of the diabetic state have emphasized the e.\'istence 
of a hormone balance, involving the pancreas, hj^iophysis, and adrenal 
cortex, that participates in the regulation of carbohydrate metabolism in 
the intact animal. The classical experiments of Houssay (13) and Long 
and Lukens (14) clearly established the interdependence of these hormones 
in regulating carbohj^drate metabolism. The results of the present study 
on glucose-6-phosphatase are consistent with these concepts. Administra- 
tion of adrenal cortical hormone resulted in a greater increase in glucose- 
6-phosphatase activity in the adrenalectomized-diabetic animals than it 
did in normal rats. On the other hand, administration of insulin to 
adrenalectomized animals resulted in a greater decrease in glucose-6- 
phosphatase activity in these animals than it did in normal animals. 

Glucose Production — ^An attempt has been made to correlate glucose-G- 
phosphatase activity of the liver with metabolism of liver slices in vitro 
incubated in a medium of intracellular cationic composition. Previous 
experiments in this laboratory (15) have compared the metabolism of 
glucose-U-C^^ and pyruvate-2-C“ by liver slices from normal, diabetic, 
adrenalectomized, and adrenalectomized-diabetic rats. Glucose utiliza- 
tion was reduced in the diabetic and diabetic-adrenalectomized animals. 
Thus, utilization of glucose appears to be under the control of insulin 
alone. Glucose production by the liver slice seems to be correlated with 
tissue glucose-6-phosphatase activity. It was previously shown (15) that 
glucose production is normal in the adrenalectomized and adrenalectomized- 
diabetic liver and increased over 2-foId in the diabetic liver. In the pres- 
ent study, it has been found that administration of cortical hormone to 
adrenalectomized-diabetic rats led to increased gluconeogenesis which pre- 
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ceded by several hours the increase in liver glucose-6-phosphatase. Thus 
it seems unlikely that an increased glucose production is the direct result 
of an increased glucose-G-phosphatase acti\dtj' in the diabetic animal. 

Glycogen Synthesis — The relation of liver glucose-6-phosphatase to glj^- 
cogen synthesis is also of interest. Sutherland and Cori (16) have demon- 
strated that the hyperglycemic effects of glucagon and epinephrine are 
not attributable to this enzjTiic. Weber and Cantero (7) have suggested 
that the lov* liver glj'cogen found in fasting rats is the result of the increased 
phosphatase actmty obser\'ed. In the fetal guinea pig liver, Nemeth (6) 
has obseiA’cd a striking correlation between glucose-6-phosphatase and gl3’- 
cogen content. Glj'cogen in the fetal liver rises steadil}- during the last 
few days of gestation and during this period glucose-6-phosphatase acthntj^ 
is ^urtuallj’ absent. At parturition the phosphatase actmty increases 
rapidlj* and liver gtycogen falls off corresponding^. Cori and Cori (5) 
were the first to suggest that gh'cogen storage in the liver is due to low 
actmtj' of this enzjTne. 

In the present study attempts have been made to relate the per cent of 
G-6-P converted to glj'cogen to phosphatase activitj'. This figure has 
been derived experimentallj' from the ratio, pj-ruvate to glj'cogen over pj*- 
ruvate to glucose plus glj'cogen. This ratio, with corresponding glucose-G- 
phosphatase activities, has been calculated from data on liver slice studies 
on adrenalectomized-diabetic animals receh'ing adrenal cortical hormone 
(Table R’’). It is apparent that, in these rats recei\'ing corticoid, the per 
cent of G-6-P to glj'cogen decreased as the glucose-G-phosphatase actmtj' 
increased. It is, therefore, not unreasonable to expect that glucose-G- 
phosphatase acti\'ity should regulate the relative per cent of G-6-P mole- 
cules converted to glucose and glj'cogen. 

Blood Glucose — There appears to be no direct relation, of glucose-G- 
phosphatase acti\'itj' to blood glucose levels. In experiments with intact 
animals, phosphatase acti\'ity per total fiver should be considered rather 
than activitj' per gm. of liver. It is e^'ident, however, that blood glucose 
values maj' change markedlj' without anj' appreciable effect on total liver 
glucose-G-phosphatase actmtj'. The decrease in blood glucose observed in 
the diabetic after insulin administration is evidentlj' the result of the im- 
mediate action of insulin on peripheral utilization of glucose. Certainlj', 
fiver gluconeogenesis (pj-ruvate conversion to glucose) and glucose-G-phos- 
phatase have not diminished during this period of fall of blood sugar. The 
blood glucose increase observed in adrenalectomized-diabetic rats injected 
with cortical hormone is accompanied by an increase in pj'ruvate to glucose 
in the fiver, but not bj' an increase in fiver phosphatase. The best argu- 
ment against glucose-G-phosphatase being the determining factor in the 
regulation of blood sugar concentration is the obsen'ation that fasting 
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normal, fasting diabetic, and fed normal rats all have approximately the 
same total liver glucose-6-phosphatase (Table I), Yet, the fasting normal 
will have a blood sugar of 60 mg. per cent, the diabetic 250 mg. per cent, 
and the fed normal 100 mg. per cent. 

Fatty Add Synthesis — The synthesis of long chain fatty acids by liver 
tissue incubated in vitro with acetate, pymvate, fiaictose, and glucose 
(10, 17-19) is known to be diminished in fasting and alloxan -diabetic rats. 
It has been proposed that the effects of fasting and alloxan diabetes upon 
lipogenesis may perhaps be ascribed to a diminished availability of intra- 

Table IV 

Relation of Liver Glucose-6-phospkatasc to Glycogen Formation 
GIucose-6-phosphatase activity is expressed as micromoles of G-6'P split per gm. 
of liver per 30 minutes. Per cent G-6-P to glycogen is the ratio, pyruvate-glycogen 
to pyruvate-glucose plus glycogen measured in rat liver slices during a 90 minute 
incubation. 


Rat 

Time 

Per cent G-6-P 
to glycogen 

Glucose-e- 

phosphatase 



hrs. 



Normal 



50 

157 

Diabetic 



12 

354 

Adrenalectomized-diabetic. 



35 

150 

Adrenalectomized, normal. 



47 

178 

Adrenalectomized-diabetic 

-h 17-liydro.xy- 


1 


corticosterone 


2 

24 

155 

tc 

<( 

6 

23 

162 

4{ 

<( 

t 12 

17 

240 

ti 

(( 

24 

10 

246 

(( 


48 

15 

310 


cellular substrates for glycolysis (20). Others have described the dimin- 
ished lipogenesis of the diabetic liver as a second metabolic lesion (21). 
It is evident that adrenal cortical hormones decrease (21) and that insulin 
increases (17) fatty acid synthesis in the liver. Brady et at. (22) have 
demonstrated that fatty acid synthesis by liver slices from depancreatized 
cats is returned toward normal by adrenalectomy or hypophysectomy. 
In the present study with alloxan-diabetic rats, it has been confirmed that 
adrenalectomy does restore fatty acid s3rnthesis. Liver glucose-6-phos- 
phatase is also returned to normal in these animals. The question arises 
as to whether or not glucose-6-phosphatase activity might influence the 
concentration of glycolytic intermediates and by this means also influence 
fatty acid sjmthesis. It seems unlikely that this is an important factor, 
since, in experiments in which adrenal cortical hormone was administered 
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to adrenalcctomized-dia.betic rats, diminished fatty acid synthesis occurred 
several hours prior to any observed changes in glucose-6-phosphatase. 

SUMMARY 

1. The biochemical sequence of events has been determined in rat liver 
slices after injection of insulin and adrenal cortical hormone to diabetic and 
adrenalectomized-diabetic rats. 

2. The acti\'ity of glucose-6-phosphatase per gm. of vet liver vas found 
to be increased over normal in fasting and alloxan-diabetic rats. Dia- 
betic-adrenalectomized rats had normal liver glucose-6-phosphatase ac- 
ti\"ity. Injection of insulin in vivo decreased liver glucose-6-phosphatase, 
vliile adrenal cortical hormones tended to increase liver phosphatase. 

3. The time required to change the activity of liver glucose-6-phosphatase 
was determined in diabetic rats injected vith insulin and adrenalectomized- 
diabetic rats injected with adrenal cortical hormones. 6 to 12 hours were 
required before hormone-induced changes in liver glucose-6-phosphatase 
actmty were obser\'ed. 

4. The role of glucose-6-phosphatase in diabetes has been examined. 
It was found that the increased gluconeogenesis and decreased fatty acid 
sjmthesis characteristic of diabetic liver metabolism precede any observed 
changes in liver glucose-6-phosphatase acti\'ity. 

5. Adrenal cortical hormones appeared to act vithin 2 hours of injection 
to alter pjTuvate metabolism in liver slices from adrenalectomized-diabetic 
rats. This is contrasted with the observed 12 to 24 hours delay in changes 
in pyruvate metabolism, following insulin injection into alloxan-diabetic 
rats. 

6. Glucose-6-phosphatase acti\dty appeared to influence the relative per 
cent of glucose-6-phosphate converted to glucose and gtycogen. 

BIBLIOGR.\PHY 

1. Fantl, P., and Rome, M. N., Australian J. Exp. Biol, ond Med. Sc., 23, 21 (1945). 

2. Hers, H. G., Berthet. J., Berthet, L., and deDuve, C., Bull. Soc. chim. biol., 33, 

21 (1951). 

3. Swanson, M. A., J. Biol. Chem., 184, 647 (1950). 

4. Ashmore, J., Hastings, A. B., and Nesbett, F. B., Proc. Nat. Acad. Sc., 40, 673 

(1954). 

5. Cori, G. T., and Cori, C. F., J. Biol. Chem., 199, 661 (1952). 

6. Nemeth, A. M., J. Biol. Chem., 208, 773 (1954). 

7. IVeber, G., and Cantero, A., Science, 120, 851 (1954). 

8. Langdon, R. G., and Weakley, D. R., J. Biol. Chem., 214, 167 (1955). 

9. Fiske, C. H., and Subbarow, Y., A. Biol. Chem., 66, 375 (1925). 

10. Renold, A. E., Hastings, A. B., Nesbett, F. B., and Ashmore, J., J. Biol. Chem., 

213, 135 (1955). 



88 


CARBOHYDKATE METABOLISM IN LIVER. VI 


11. Weber, G., Allard, C., deLamirande, G., and Canlero, A., Biochim. el biophys. 

acta, 16, 618 (1955). 

12. Claude, A., J. Exp. Med., 84, 51 (1946). 

13. Houssay, B. A., Endokrinologie, 6 , 103 (1929). 

14. Long, C. N. H., and Lukens, F. D. W., J. Exp. Med., 63, 465 (1936). 

15. Renold, A. E., Teng, C.-T., Nesbett, F. B., and Hastings, A. B., J. Biol. Chcm., 

204, 533 (1953). 

16. Sutherland, E. W., and Cori, C. F., J. Biol. Chcm., 188, 531 (1951). 

17. Brady, R. 0., and Gurin, S., J. Biol. Chcm., 187, 589 (1950). 

18. Masoro, E. J., Chaikoff, I. L., Chernick, S. S., and Felts, J. M., J. Biol. Chcm., 

186, 845 (1950). 

19. Chernick, S. S., and ChaikolT, I. L., .T. Biol. Chcm., 188, 389 (1951). 

20. Brady, R. 0., and Gurin, S., J. Biol. Chan., 199, 421 (1952). 

21. Welt, I. D., and Wilhelmi, A. E., Yale J. Biol, and Med., 23, 99 (1950). 

22. Brady, R. 0., Lukens, F. D. W., and Gurin, S., J. Biol. Chcm., 193, 459 (1951). 



THE INTILVCELLULAR DISTRIBUTION OF PENTOSE 
CYCLE ACTIVITY IN RABBIT KIDNEY AND 
LIVER* 

Bv R. W. NEWBURGH and VERNON II. CHELDELIN 

{From the Dcparlmcnl of Chc7nistnj and the Science Research Institute, 

Oregon State College, Corvallis, Oregon) 

(Received for publication, April 2S, 1955) 

Horecker (1) has demonstrated the occurrence of a cyclic mechanism in 
yeast and animal tissues which can account for the oxidation of carbohj’’- 
drate to carbon dioxide and water without participation of triosephosphate 
dehydrogenase or the enzymes of the tricarboxyhc acid cj’cle. The term 
“pentose cj'cle” has been suggested (2) for this series of reactions previ- 
ously called the “shunt” or “oxidative pathway,” since the reactions occur 
in a cyclic manner and involve pentoses as key compounds. Knowledge 
of the presence of this cycle has been extended to include plants (3), bac- 
teria (4), insects (5), and the wheat smut fungus (6). This cycle might 
function as an energj’- source and also as a means by which ribose, an im- 
portant constituent of nucleic acids and certain coenzymes, can be syn- 
thesized or catabolized. 

Several workers (7, 8) have demonstrated the nearly exclusive location 
within the mitochondria of many oxidative enzymes, particularly those 
involved in the tricarboxylic acid cycle, various electron carrier systems, 
and oxidative phosphorylation. The glycolj’tic enzjnnes for the anaerobic 
conversion of carbohydrate have been shonm to be localized in the soluble 
portions of the cell (9). Since the reactions of the pentose cycle may con- 
ceivably be associated with either or several of these actmties, their be- 
havior in the centrifugal field seemed of interest. 

Several experimenters (10-14) have compared the quantitative contribu- 
tion of the pentose cycle and the glycolytic scheme (together with the Krebs 
cycle) to the oxidation of carbohydrate. Organisms which contain little 
or no Krebs cycle activity may obtain much of their energy and assimilate 
carbon by such a mechanism, as suggested by Scott and Cohen (15) for 

* Published vith the approval of the Monographs Publications Committee, Re- 
search paper No. 273, School of Science, Department of Chemistry. A preliminary 
report was presented in a Symposium on the Cell at the 121st meeting of the American 
Association for the Advancement of Science, Berkeley, California, December, 
1954. This work has been supported in part by the Division of Research Grants 
and Fellowships, National Institutes of Health, United States Public Health Ser- 
vice. 
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Escherichia coli. In this organism the rate of assimilation of glucose by 
the pentose cycle is considered similar to the combined rate of assimilation 
by glycolysis and the Krebs cycle. 

Methods and Materials 

Preparation of Subcellular Fractions — The fresh liver (divested of the 
gallbladder) or kidneys from decapitated rabbits Avere removed and packed 
in ice. The medulla of the Iddnej’' was removed and the cortical material 
used for the fractionation of kidney homogenates. The livers or kidneys 
were then cut into small pieces and homogenized in 6 volumes of a solu- 
tion containing 0.001 m sodium Versenate and either (a) 0.25 m sucrose or 
(b) 0.001 M citrate in 0.9 per cent KCl. Homogenizing was usually carried 
out in a Waring blend or for 30 seconds at half speed. The KCl prepara- 
tions Avere generally used, since large amounts of sucrose greatly inter- 
fered in the colorimetric methods used for the pentose cycle sugars. The 
pH AA'as constantly adjusted AA’ith 1 n KOH to 7.0 to 7.5 during the blend- 
ing operation. 

The material Avas then centrifuged according to the scheme presented in 
Diagram 1. An International refrigerated centrifuge Avith a high speed 
attachment AA^as used for centrifugal forces up to 25,000 X g. A Spinco 
model L ultracentrifuge Avas used for higher speeds (for speeds up to 105,000 
X ff the No. 30 head, and for speeds up to 144,000 X p the No. 40.3 head). 
All operations AA'-ere performed at 0-5°. For the kidney experiments, the 
mitochondrial fraction Avas washed three to five times Avith the appropriate 
isotonic solution before use. The citrate-oxidizing capacity Avas onl}'" 
slightly impaired, even over the 6 hour period required for centrifuging. 
Kidney preparations Avith sucrose and KCl shoAved similar activity, but 
liver mitochondria seemed more stable AA'^hen prepared in sucrose, as sug- 
gested by Hogeboom et at. (17). 

Rat livers AA^ere also tested. For these experiments, the tissues were 
homogenized in a Potter-Elvehjem glass homogenize!’. 

A Warburg apparatus Avas employed for the manometric experiments. 
Gassing Avas performed Avith a conventional manifold. A Bausch and Lomb 
spectronic 20 spectrophotometer AA^as used for the colorimetric assays and 
a Beckman spectrophotometer for the studies of triphosphopyridine 
nucleotide reduction. The methods used to folloAV non-oxidatNe pentose 
cycle conversions have been described preAdously (5, 6). 

Materials — The following materials AA’-ere commercial preparations: glu- 
cose-6-phosphate (G-6-P), triphosphopyridine nucleotide (TPN), cjdo- 
chrome c, and adenosine-5'-phosphate, all from the Sigma Chemical Com- 
pany; ribose-5-phosphate (R-5-P), from the SchAA’arz Laboratories, Inc.; 
thiamine pyrophosphate (TPP) from Hoffmann-La Roche, Inc.; and 
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Diagram 1. Scheme for Fraclionalion of liabbil Liver or Kidney by Differential 

Centrifugation 

Ai)pro.\imately 100 ml. homog- 
enate of kidney or liver 

Centrifuged 10 
min. at COO X g 



Residue (discarded) Supernatant (Seoo) 

Recentrifuged 10 
min. at 8500 X g 



Residue (mitochondria) Supernatant (Sjioo) 

Resuspended in 25 ml. 0.25 Recentrifuged 3 hrs. 

M sucrose or 0.9% KCl at 25,000 X g 



Washed mitochondria Washings 
(washed 3-5 limes (discarded) 

as above)* 



Residue (Rjs.ooo) Supernatant (Sjs.ooo) 



Residue (microsomes) Supernatant (Sios.ooo) (sol- 

uble fraction) 

Recentrifuged 16 hrs. 
at 144,000 X g 



Residue (Rh«.ooo) Supernatant (Sm.ooo) 

* Similar to the preparations of Green el al. (16) (with KCl), or of Hogeboom el al. 
(17) (with sucrose). 
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Armour’s coenzyme concentrate from Armour and Compan^c A-Methy]- 
phenazine sulfate, sedosan, and disodium Verscnate were kindly supplied 
Dr. R. H. Burris, Dj’. N. E, Tolbert, and Versenes, Inc.; 6-phospho- 
gluconic acid (6-PGA) was prepared as before (5), 




Fig. 1 Fig. 2 

Fig. 1. Pentose C3''cle activity in rabbit liver fractions (non-oxidative). Bach 
tube contained 1 ml. of enzyme, 200 /mmoles of tris(hj'dro.v 3 'methj’’I)aminomethane 
buffer, pH 8.0, 100 7 of TPP, 5 /amoles of R-5-P. Total volume 7.6 ml.; temperature 
37°. 1 ml. aliquots were removed at the times designated and pipetted into 1 ml. 
of 10 per cent trichloroacetic acid. After centrifugation, 0.5 ml. aliquots were re- 
moved for the determination of R-5-P, sedoheptulose, and hexose. The mitochondria 
were resuspended twice in 0.9 per cent KCl. O, R-5-P (mitochondria); •, R-5-P 
(Sssoo); A, sedoheptulose (Sssoo); X, sedoheptulose (mitochondria). 

Fig. 2. Pentose cycle in the Sssoo, Sios.ooo, mitochondi’ial, and microsomal (Rios, 000 ) 
fractions of rabbit kidney (non-oxidative) . Additions as for Fig. 1. 1 ml. of mito- 
chondria contained 4 mg. of protein (washed three times with 0.9 per cent KCl); 
1 ml. of Sssoo contained 8 mg. of protein; 1 ml. of Sioo.ooo contained 2.4 mg. of protein; 
1 ml. of microsomes contained 6 mg. of protein. •, R-5-P (mitochondria); O, 
R-5-P (microsomes); A, R-5-P (Sssoo); ©, hexose (Sscoo); A, sedoheptulose (Sssoo); X, 
R-5-P (S 106 . 000 ); ■, hexose (Sios.ooo); □, sedoheptulose (Sio6,ooo). 

Results 

Citrate oxidation served as the criterion of mitochondrial activity, and 
its oxidation was nearly complete. G-6-P and R-5-P were not oxidized 
by the mitochondria; neither were citrate, G-6-P, and R-5-P by the super- 
natant fractions (except Sgoo which contained the mitochondria). Recom- 
bination of Sssoo and the mitochondria resulted in limited oxidation of these 
substrates. The lowered activity maj'- be due in part to dilution of the 
oxidative enz^mies. Oxidation of G-6-P and R-5-P proceeded in the Seoo 
fraction in the presence of cytochrome c and was enhanced when A-methjd- 
phenazine sulfate was used as an electron carrier. Limited oxidation of 
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tlicsc pubstanrcs occurred witli tlie Sm.ooo fraction only in the i)resence of 
the artificial electron acceptor. 

IntracclMar LocaUzalion oj Kon-Oxidathc Pcnlosc Cycle Enzymes — The 
disappearance of R-.5-P and formation of sedoheptulose and hexose mth 
increasing time were used as c\'idencc for the occurrence of the pentose 
cycle in the various cellular fractions. This procedure seemed justified, 
since tiic bulk of the pentose could be accounted for as sedoheptulose and 
hexose. 

Fig. 1 illustrates the localization of the pentose cycle enzymes in rabbit 
liver. These are soluble after centrifugation at 8.500 X g, whereas little 

T.^blk I 

Intracellular Localization of Pentose Cycle (Xon -Oxidative) in Rabbit Kidney 

The reaction tubes contained 1 ml. of enzyme of tlie following fractions: Seoo, 
3.S mg. of protein; Sjs.ooo, 2.4 mg. of protein; Sios.ooo, 2.0 mg. of protein; the tubes 
also contained 200 umolcs of tris(h3'drox3Tncthyl)3minomethane buffer (pH 8.0), 
100 y of TPP, 20 pmoles of Mg, and 5 pmoles of R-5-P. Total volume 7.7 ml.; tem- 
perature 37°. 1 ml. aliquots were removed at various times and added to 1 ml. of 10 
per cent trichloroacetic acid, centrifuged to remove protein, and assa 3 ’ed colorimetri- 
cally. 
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or no actmtj’^ is found in the mitochondria. In kidney, the pentose cycle 
actixdty remained soluble after 2 hours of centrifugation at 105,000 X g, 
as shown in Fig. 2. Similar results were obtained with the S 25.000 fraction. 
Neither the mitochondria nor microsomes contained actmty. 

Quantitative recover)’’ of non-o.xidative acti\’ity in the cycle was sought 
next, after centrifugation at 600 X g, 25,000 X g, and 105,000 X g. Ali- 
quotsyr\-ere analyzed after 3’arious periods of incubation of enz)’Tne with 
The results for one incubation period (45 minutes) are reported 
in Table I. The results at other times were similar. It is apparent that 
all of the original actmty was recoA'cred in the supernatant fluid after 
centrifugation at 105,000 X ff for 2 hours. 

In another e.xperiment, the Sios.ooo fraction was centrifuged for 16 hours 
at 144,000 X g. The red-colored material present in the Sios.ooo fraction 
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sedimented, leaving a clear colorless solution above it. The colorless 
layer was carefully removed with a pipette and designated the Sn^.ooo 
fraction. The red layer was removed and designated the Ri^.ooo fraction. 
As shown in Fig. 3, it appears that the pentose cycle is contained in the 
lower red-colored layer. 



Fig. 3 Fig. 4 

Fig. 3. Pentose cj'cle in the Sios.ooo, S144.000, and R144.000 fractions of rabbit kidney 
(non-oxidative). Additions as for Fig. 1. 1 ml. of S106.000 contained 2.2 mg. of pro- 
tein; 1 ml. of S144.000 contained 1 mg. of protein; 1 ml. of II144.000 contained 4.7 mg. of 
protein. Neither he.xose nor sedoheptulose was formed with the Shi. 000 fraction. 
©, R-5-P (SioB.ooo); •, hexose (Sioc.ooo); □, sedoheptulose (Sios.ooo); O, Il'5-P 
(E144.000); A, hexose (Rj 44 .ooo); ■, sedoheptulose (Ri 44 ,ooo); X, R-5-P (Sj 44 ,ooo)- 
Fig. 4. Glucose-6-phosphate dehj'^drogenase in rabbit kidney tissue. The com- 
plete system consisted of 20 jumoles of trisChydroxymethjdlaminomethane buffer, 
pH 8.0, 10 //moles of nicotinamide, 0.25 //mole of TPN, 2 //moles of G-6-P. Total 
volume 3.5 ml. Appropriate blanks without enzymes, TPN, or substrate were used. 
The cuvettes for Sstoo contained 0.8 mg. of protein; for Szs.ooo, 0.6 mg. of protein; for 
SioB.ooo, 1.2 mg. of protein; for microsomes (Rios, 000), 3 mg. of protein. The times 
listed refer to the duration of centrifugation. O, G-6-P (Sgsoo), 10 minutes; •, 
G-6-P (825,000), 3 hours; □, G-6-P (8105.000), 2 hours; X, G-6-P (Rios, 000 ), 2 hours. 

Expei’iments with rat livers yielded similar results in that no pentose 
cycle activity was found in the mitochondria, but resided in the 825,000 
fraction. Higher gravitational fields were not employed. 

Glucose-6-phospJiaie Dehydrogenase and 6-Phosphoglucomc Acid Dehy- 
drogenase — ^The reduction of TPN by G-6-P or 6-PGA was used to localize 
these enzymes in the various fractions. The soluble nature of G-6-P de- 
hydrogenase is demonstrated in Fig. 4. Equal amounts of dehydrogenase 
were added to both cuvettes. The turbidity of the Seoo fraction precluded 
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accurate recovery data at this point in the centrifugation scheme, and there- 
fore data similar to those obtained for the non-oxidative conversions were 
not obtained. After centrifugation for 2 hours at 105,000 X g, no activity 
was found in the microsomes, hut remained instead in the supernatant 
fluid. The results with G-PGA were similar. 

In another experiment at higher centrifugal forces, i.c., 144,000 X g 
for IG hours, as described previously, a sedimentation of the two dehy- 



Fig. 5. Reduction of TPN by G-6-P, R-o-P, and 6-PG.\ in rabbit kidney tissue. 
Additions same as for Fig. 4. The cuvettes for Sios.ooo contained 1.1 mg. of protein; 
for Sm.ooo, 0.4 mg. of protein; for Rik.ooo, 1-0 mg. of protein. X, G-6-P (Sios.ooo); 
• , R-5-P (Sios.ooo); H, 6-PGA (Sios.ooo); A, G-6-P (Rm.ooo); O, R-5-P (Rm.ooo); 
□ , 6-PGA (Rm.ooo); A, G-6-P (Sm.ooo); ©> 6-PG.A (Sm.ooo).. 

drogenases occurred as shown in Fig. 5. In addition, TPN was reduced 
by R-5-P, although at a slower rate than by G-6-P, but more rapidly than 
by 6-PGA. In the presence of R-5-P and the Sm.ooo enzjTnes, no reduc- 
tion of TPN occurred. 

The principal remaining step in the pentose cj’^cle comprises the fmetose- 
6-phosphate; fructose-1,6 diphosphate — >■ G-6-P conversions. Although 
these have not been examined directly, the oxidation of E.-5-P and its 
anaerobic conversion to hexose indicate that the hexose isomerases ac- 
company the remainder of the pentose cycle complex. Earlier studies (9) 
have demonstrated the soluble nature of glycoljdic enz 3 Tnes at somewhat 
lower centrifugal fields. 
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DISCUSSION 

The apparently similar centrifugal behavior of the entire group of pentose 
cycle enzymes (including the oxidative steps) suggests the possibility of 
intimate association among the cycle members, or the presence of a small 
organelle containing these enzymes. The localization of the pentose cycle 
apart from the particulate electron carrier s^'^stems or the known oxidative 
phosphorylation apparatus increases the importance of determining how 
such multienzyme groups may be associated or related to one another. 

SUMMARY 

The pentose cycle enzymes (non-oxidative) of rabbit kidney and liver 
tissue have been shown to be soluble after centrifugation at 105,000 X g 
for 2 hours, but they sedimented after centrifugation at 144,000 X g for 
16 hours. Glucose-6-phosphate dehydrogenase and 6-phosphogluconic 
dehydrogenase behaved in a similar manner. 

The authors wish to express their appreciation to Dr. James Oldfield 
for the rabbits used in these experiments. Miss Evelyn Neuman has 
rendered valuable technical assistance in the experiments. 
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ACETYLOKNITHINASE OF ESCHERICHIA COLI: PARTIAL 
PURIFICATION AND SOME PROPERTIES* 

Bv HENRY J. VOGEL and DAVID M. BONNER 

(From the Department of Microbiology, Yale University, New Haven, 

Connecticut') 

(Received for publication, June S, 1955) 

In Eschtrichia coli, ornithine sjnithesis has been shotni to proceed via 
glutamate, A^’-acetylglutamate, A'-acetj-lglutamic 7 -semialdeh 3 '’de, and 
jV“-acet}'lomithine (1-3). The last step in the formation of ornithine 

NII-COCIIj NH; 

1 1 

H:N-(CH:h-CH-COOH + H;0 = H;N-(CII;)sCnCOOH + CHj-COOH 

is catalj'zed bj* the enzjTne acetj'loniithinase (1, 4). The present report 
is concerned t\ith a characterization of this enzjmie. 

Materials and Methods 

Compounds Used — A'''-Acet 3 d-L-omithine was s 30 ithesized as pre\’iousl 3 ' 
described (5, 3).‘ L-Omithine monolD'drochloride was obtained from the 
Mann Research Laboratories. Several of the acet 3 damino acids used, in- 
cluding acet 3 d-DL-methionine, were supplied b 3 ' the California Foundation 
for Biochemical Research.^ 

Organisms — The organisms used are E. coli (ATCC 9637) and ornithine- 
requiring mutant 160-37 of E. coli (5, 1). 

Cultivation — The growth medium used is prepared at 50 X strength as 
follows. In distilled water (670 ml.) are dissolved, successivel 3 ’, MgS 04 -- 
7 H 2 O (10.0 gm.), citric acid-HjO (100.0 gm.), KjHFOj • anh 3 Mrous (500.0 
gm.), and NaNH 4 HP 04 - 4 H 20 (175.0 gm.), the final volume being about 
1.00 liter On 50-fold dilution with distilled water, the resulting single 
strength medium, designated E, has a pH of about 7.0; it is sterilized b 3 ' 
autocla^dng. Medium E is supplemented with dextrose (autoclaved sepa- 

* This investigation was supported in part bj' the Atomic Energy Commission, 
contract No. AT-(30-l)-1017, and by the American Cancer Societj-, on recommenda- 
tion of the Committee on Growth of the National Research Council. 

• Certain laboratory facilities used in this synthesis were generously made avail- 
able by Dr. J. S. Fruton. 

’ These acetjdamino acids were received as a gift. The generositj' of the Cali- 
fornia Foundation for Biochemical Research is gratefully acknowledged. 

’ hlallinckrodt “analytical reagents” were found satisfactorj-. The 30 X strength 
medium is stored at room temperature; chloroform (about 1 ml.) may be added as a 
preservative. 
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rately) at a concentration of 5 gm, per liter. For strain 160-37 the me- 
dium is further supplemented with E-arginine (50 7 per ml.). 

The organisms are grown with shaking at 37° in Fernbach flasks con- 
taining suitably supplemented medium. 

Assay oj Enzyme ActivUy 

For acetylornithinase assays, the enzyme is permitted to act under a 
set of desired conditions, for example “standard conditions’' (see below), 
and the ornithine produced is determined by a new modification of the 
colorimetric ninhydrin method. The development of this modification 
was necessitated by the properties of the substrate; at pH values near 5 
(c/- (6)), and to a lesser extent in strongly acid solution (c/. (7)), N°- 
acetyl ornithine gives a ninhydrin reaction. In the present method, the 
ninhydrin is permitted to act at a pH of about 2.5 (measured in the absence 
of the organic solvent used). Under these conditions iV’“-acetyl ornithine 
gives but a very slight ninhydrin reaction. 

Ninhydrin Reagent — The reagent used is prepared by mixing 2 volumes 
of a 1 per cent solution of ninhydrin in Methyl Cellosoh’^e with 1 volume of 
0.4 M aqueous citric acid,^ 

Determination of Ornithine — The ornithine-containing samples are pre- 
pared in 0.1 M aqueous phosphate (pH 7),^ 1 mai with respect to gluta- 
thione. To 0.5 ml. portions of each of the samples are added 1.5 ml. of the 
ninhydrin reagent. Appropriate standards and blanks (see below) are run 
along with the samples. The resulting reaction mixtures are heated in a 
boiling water bath for 10 minutes and then cooled. If omitlrine is present, 
a blue color is produced.® To each reaction mixture are added 3 ml. of 
0.7 N aqueous sodium hydroxide with immediate stirring.'^ A transient 
intense yellow color appears even in the absence of ornithine. 20 minutes 
after addition of the alkali, the final reaction mixtures are read against 
reference blanks (see below) in a Klett-Summerson colorimeter with the 
No. 42 filter. Ornithine gives rise to an orange-yellow color which is 
stable for hours. 

’ The ninhydrin reagent is stored at 3°; it remains usable for at least 1 week. 

^ The phosphate and the citric acid (in the niohj-^drin reagent) provide the desiied 

pH. 

® If the glutathione is omitted from the reaction mi.xtures, the color yield is low- 
ered. Certain reducing agents other than glutathione also enhance the color yield. 

’The reasons for adding the alkali are 2-fold: (a) the spectrum of the initial!}" 
produced blue color is a rather sensitive function of the hydrogen ion concentration, 
whereas the orange-yellow color obtained on addition of alkali is not, and (b) the 
alkali tends to dissolve any added protein that may have precipitated under acid con- 
ditions. The assay can be carried out even in the presence of coarse debris or whole 
cells. 
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A linear color response to oniitliine is obtained up to at least 0.3 pmole 
of omitlune per sample. Absorption maxima occur at 350 and 470 mju. 
A IClett-Summerson reading of 160 corresponds to optical densities of 
0.495 and 0.320 at 350 and 470 mp, respective!}’, as determined in the 
Beckman spectrophotometer (light path, 1 cm.). 

The present modification of the ninh 3 ’drin method may be applied to 
the detennination of proline. Certain other amino acids, including lysine, 
cysteme, and a,£-diaminopimclic acid,® also produce colors. 

Standard Conditions for Enzyme Assays — ^Assays are performed in 4 
inch test-tubes by incubating potassium phosphate at pH 7 (50 /xmoles), 
A’‘“-acet 3 'l ornithine (3 /imoles), glutathione (0.5 ^mole), cobaltous chloride 
(0.1 iumole), and enz 3 ’me (usuall}’ added last)® in aqueous solution (total 
volume, 0.5 ml.) at 37° for 10 minutes. 

Colorimetry — ^At the end of the incubation period the enz 3 Tnatic reaction 
is stopped b}' the addition of 1.5 ml. of the ninh 3 ’drin reagent to each tube, 
and omithme is determined as described above. In addition to the sam- 
ples to be assa 3 ’cd, reference blanks (substrate and enz 3 Tne omitted), 
enz 3 ’me blanks (substrate omitted), and substrate blanks (enz 3 ’me omitted) 
are run. Assay results are computed by subtracting the values obtained 
for the respective enz 3 ’me and substrate blanks from the values for the 
assay samples. T 3 ’pical blanks as well as the response to ornithine are 
shown in Table 

Unit of Enzyme Activity — 1 unit of acet 3 ''lomitlunase acthdty is defined 
as that amount of enz 3 Tne wliich will catal 3 ’ze the formation of 0.1 /jmole 
of ornithine under standard conditions. 

Protein Determination — Protein was determined b}" the method of Lowr}’ 
ct al. (8). 


EXPERIMENTAL 

Partial Purification of Enzyme^^ 

Crude Acetylorniihinase — ^For the preparation of acetylomithinase, E. 
coli (ATCC 9637) cells, grown on 3.5 liters of Medium E with 0.5 per cent 
dextrose, were har\’ested b}’ centrifugation, suspended in 0.1 m phosphate 
buffer at pH 7, collected again, and resuspended in phosphate buffer to 
give a final volume of about 35 ml. The resulting suspension was sub- 

* Kindly furnished by Dr. C. Gilvarg. 

® When necessary, enzyme preparations are diluted in 0.1 m phosphate buffer 
(pH 7) made 1 mji in glutathione. 

‘"The absolute magnitude of the color response was found to vary somewhat 
from batch to batch of the reagents used. 

” Carried out at 0-5°. 
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jected to sonic vibration in a 9 kc. Raytheon oscillator for 30 minutes to 
yield a crude extract of acetylornithinase. 

Protamine Treatment and Precipitation with Ammonium Sidfate — The 
crude extract obtained was treated with protamine sulfate (210 mg.), 
dissolved in 0.1 m phosphate at pH 7 (7 ml.). The resulting precipitate 
was removed by centrifugation. The supernatant solution was treated 
similarly with half the amount of protamine sulfate previously used, and 
the precipitate formed was again removed. In the supernatant liquid 
(37 ml.), ammonium sulfate (16 gm., 60 per cent of saturation) was dis- 
solved with stirring. The resulting precipitate was collected, dissolved in 
20 ml. of 0.1 M phosphate at pH 7, and reprecipitated by addition of am- 
monium sulfate (8.6 gm., 60 per cent of saturation). The precipitate was 
then collected and dissolved by addition of 0.1 Ji phosphate buffer at 


Table I 


Color Response Obtained with Ninhydrin Reagent 


Sample 


Reference blank 
Substrate “ 
Enzyme blank , . 


Colorimeter 

reading* 

Sample 

Colorimeter 

reading* 

0 

Ornithine, 0.1 pmole 


7 

“ 0.2 “ 


2 

CO 

o 



* A Klett-Summerson instrument with No. 42 filter was used. The reference 
blank was set at zero; it gives a reading of about 15 against distilled water set at 
zero. 


pH 7, made 1 mai in glutathione The final Amlume of the solution ob- 
tained (PS + ASo-6o) was 17.5 ml. 

Fractionation with Ammonium Stdfate — In the solution obtained (PS -f- 
ASo-6o), ammonium sulfate (3.8 gm., 30 per cent of saturation) was dis- 
solved with stirring, and the resulting precipitate was collected and dis- 
solved by addition of phosphate buffer made 1 niM in glutathione (14.5 
ml.). The solution obtained (ASo-ao) had a volume of 15 ml. Solution 
ASn -30 was treated with ammonium sulfate (3.0 gm., 28 per cent of satura- 
tion) and the precipitate formed was removed by centrifugation and 
discarded. The supernatant solution was then treated with ammonium 
sulfate (0.75 gm., 35 per cent of saturation), and the resulting precipitate 
was dissolved in pliosphate buffer, 1 mM in glutathione, to give a volume 
of 5 ml. (AS28-3 b). 

Fractionation with Acetone — To solution ASss-sb, acetone (3.5 ml., 41 per 
cent by Amlume), previously chilled to 0°, was added Avith stirring. The 
precipitate obtained was remoAmd by centrifugation and cold acetone 
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(4.0 ml., GO per cent by volume) was added to the supernatant solution. 
A preeijutate formed which was dissolved in phosphate buffer at pH 7 
made 1 niM in glutathione to give a volume of 5 ml. The resulting solu- 
tion was finally dialyzed against the same glutathione-containing buffer. 
The final dialyzed preparation Ac<i.to had a volume of 5 ml. and was stored 
at -15°. 

The procedure described results in a 30- to 40-fold purified preparation 
with an over-all yield of about 25 per cent. The progress of a tj^pical 
purification is summarized in Table II. Unless otherwise stated, the 
experiments reported were performed with at least 30-fokl purified prep- 
arations. 


Taiu.k II 

Siiifiiiinnj of P'tciivic Purification 


I'ractinn* 

1 Total 
j \ olumc 

Protein 

Enzyme 
acti\ il\ 

Specific 
acti\ ity 

Over-all 

yield 


1 f../ 

nr per r-I. 

units Pfr r:L 

units Pfr rijc 

per cent 

Crude extract 

1 3.5.0 

37.4 

950 

25 

100 

AS&-eo 

^ 17.0 

21.7 

1420 

65 

To 

ASo-30 

15.0 

9.0 

1340 

149 

60 

APi5.:s 

5.0 

S.9 

2750 

309 

41 

.\Cli.60 

5.0 

2.1 

16S0 

SOO 

25 


* PS, prot.-imine sulfate; AS, ammonhitn sulfate; Ac, acetone. The subscripts 
used with AS refer to per cent of sattiration; that used with Ac refers to per cent of 
volume. See the text for details. 


Properties of Enzyme atul of Reaction 

Reaction Products — L-Oniithine has pretiously been recognized as one of 
the products of the enzjunatic reaction (1). In the present experiments, 
the formation of 0.93 mole of acetate could be demonstrated per mole of 
ornithine produced. The acetate was determined bj^ passing the reaction 
mixture througli a bed of the acid form of a sulfonic tj’pe ion exchanger, 
distilling the eluate, and titrating the distillate with alkali. The value 
obtained is in agreement, within the accuracy of the method used, with 
the expected equimolar ratio of acetate to ornithine formed. 

Extent of Reaction — To ascertain the extent of the reaction, 40 units of 
enzyme were permitted to act on the substrate. The conditions were 
standard, except that an incubation period of 3 hours was used. The 
reaction mixture was then appropriatelj’^ diluted and assayed for ornithine. 
The results showed that the reaction had gone to completion within the 
sensitu-ity of the method employed. 

Time-Course and Dependence 07i Enzyme Concentration — ^Under standard 


102 


ACETYLORNITIIINASE OF E. COLI 


conditions wth an amount of enzyme of the order of magnitude of 1 unit, 
the quantity of substrate cleaved was found to be proportional to time for 
at least 20 minutes. Over a range of enzyme concentrations, including 
0,5 to 3 units per 0.5 ml., the initial rate of cleavage was proportional to 
enzyme concentration. 

Effect of Cohalt — ^It has been briefly reported that acetyl omithinase is 
stimulated by the cobaltous ion (1). This stimulatoiy effect is illustrated 
in Table III, Preincubation of the enzyme in the presence of 0.2 mM 
cobaltous chloride failed to increase the reaction rate over that obtained 
under standard conditions. Of a number of other metal ions tested, none 
pi'oved stimulatoiy and some were found to be inhibitory (see below). 

Effect of Glvtathione — ^Thc stimulator}’- effect of added glutathione is 
also presented in Table III. If enzyme preparations are stored in phos- 

Table III 


Stimulation of Acetylornithinase Activity by Cobaltous Ion and Glutathione 


CoCh 

Glutathione 

Relative 

activity* 


Glutathione 

1 

Relative 

activity* 

TJijtr 

mss 



mil 



1.0 

50 


0.2 



1.0 

70 


1.0 



1.0 

100 

0.20 

2.0 


0,40 

1 

1.0 

1 

100 





'* Each value was obtained with 1 unit of enzyme. The conditions used were 
standard, except for the variations shown. 


phate buffer without glutathione, their activity decreases markedly; such 
preparations can be largely reactivated by addition of glutathione.^® A 
number of reducing agents tested, including thiogb'^colate, ascorbate, and 
hydrosulfite, failed to produce the same stimulating and preserving effect 
as glutathione. 

Effect of pH and Buffers — The optimal pH for the action of acetyl- 
ornithinase was found to be about 7.0, as shown in Table IV. The reac- 
tion rate was unchanged when a sodium phosphate buffer at pH 7 was 
substituted for potassium phosphate. A number of other buffers, in- 

Upon addition of alkali in the determination of ornithine, certain heavy metal 
ions produced extraneous colors which in general faded within several hours; the 
extraneous color produced by the cobaltous ion was found to fade within 20 minutes. 

30- to 40-fold purified preparations, when stored at —15° in the presence of 
glutathione, were found to retain their activity for at least several months; however, 
on repeated thawing and freezing the activity tended to diminish. 12-fold purified 
preparations, such as AS-s-as (see Table II), were more resistant to thawing and 

freezing. 
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c’ludinp t ris(liy(]roxynicthyl)aniinomcthanc, cacodylatc, succinate, bicarbon- 
ate, \’cronal-acotato, ami pyropliospliatc, were tested as substitutes for 
phosphate. Tlie conditions were standard, c.vccpt for the buffers, and the 
pH range used was 0.5 to 7.5. None of the buffers examined permitted 
as higl) a reaction rate as phosphate at corresponding pll values. 

Table IV 

EJjccI oj -pU on Accliilorniihinasc Aclivily 
i 

pH ! c acti\ity* 


0.0 

33 

G.b 

75 

7.0 


7 

S7 

S.O 

54 


* Each value was obtained with 1 unit of enzyme. The conditions employed were 
standard, except that the pll was varied by using suitable mixtures of KH;P 04 and 
KiHPOi at constant total phosphate concentration. 


Table V 

Effect of Various Siiltsinnccs on Acclylornilhinasc Activity 


Substance 

Rclativ c 
actn il> • 

j Substance 

' Relati\e 
actiMt}'* 

Xone 

loot 

Cu^ 

60 



! oo 

Zn--^ . ... 

16 

Ca~ 

9.5 

' Xi-^ 

27 

Mn-^ 

90 

, Ethj'lenediaminetetraacetate 

57 

Fe"^ 

99 

p-Chloromercuribenzoate 

1 

43 


’ Each value was obtained with 2 units of enzj-me. p-Chloromercuribenzoate 
was tested at a concentration of 1 msi under standard conditions. All other sub- 
stances listed were tested at a concentration of 0.2 mu under standard condi- 
tions modified by the omission of cobaltous chloride. 

fThis value was obtained under standard conditions modified by the omission of 
cobaltous chloride. 

Dependence on Substrate Concentration — The effect of substrate con- 
centration on the reaction velocity was examined over a range of initial 
concentrations from 1 to 8 mxi under otherwise standard conditions. The 
substrate concentration gitnng half maximal velocity was calculated (9) 
to be Ks = 2.8 mxi. 

Metals and Inhibitors — ^The effect of certain divalent metal ions was 
studied by substituting them singlj’’ for the cobaltous ion.'- Stimulation 
of acetylomithinase actmtj’- was obtained with the cobaltous ion only'. 
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Salts of magnesium, calcium, manganese, and iron, at the concentrations 
tested, affected the reaction but slightly; however, salts of copper, zinc, 
and nickel proved inhibitory (see Table V), 

Acetylornithinase was also found to be inhibited by the metal binder, 
ethylenediaminetetraacetate, and by the sulfhydryl reagent, p-chloromer- 
curibenzoate, as shown in Table 

Specificity — A. number of acylamino acids, including acetyl-DL-alanine, 
acetyl-DL-valine, acetyl-DL-leucine, acetyl-DL-methionine, acetyl-DL-proline, 
acetyl-DL-glutamate, chloroacetyl-L-tyrosine, and benzoyl-L-arginine, were 
tested (6) as possible substrates for acet 3 dornithinase preparations. Under 
the conditions employed, onl}’- acetyl-DL-metliionine was found to be 
deacetylated at a rate approximating that of acetylomithine. The cleav- 
age of acetylmethionine, like that of acetylornithine, was found to be stim- 
ulated by the cobaltous ion and by glutathione. The ratio acetylomi- 
thinase to acetylmethioninase activity was found to be approximately 
constant in crade, 12-fold, and 30-fold purified preparations. Extracts of 
the ornithine-requiring mutant 160-37 of E. coli, which had pre^dousl 3 ’■ been 
shown to contain no detectable acetylornithinase (5, 1), have now been 
shown to be devoid also of detectable acetylmethioninase activity. It 
therefore appears that the cleavage of acetylmethionine is largely, if not 
exclusively, mediated by acetylornithinase. 

DISCUSSION 

The present study has revealed that acetylornithinase resembles other 
acylases (10, 11) and certain peptidases (12) in a number of features. 
These features include the observed stimulation by the cobaltous ion, 
which in the present case appears to be specific. The stimulating and 
preserving action of glutathione and the inhibiting action of p-chloromer- 
curibenzoate are also shared with functional! j"- related enzymes. For 
example, prolidase (13) from animal (14) and microbial (15) sources is 
similar to acetylornithinase in being both a “metal” and “sulfliydiyl” 
enzyme. Furthermore, the enhanced reaction rates with phosphate 
compared to those obtained with other buffers are not vdthout precedent. 
In some cases, this enhancement has been ascribed to the selective binding 
of toxic metal ions by the phosphate (c/. (12)). 

In view of the voluminous earlier work on aoetylamino acids and en- 
zymes that participate in their metabolism, it seems of special interest 
that acetylornithinase was found to haA'-e a definite biosynthetic function, 
namely the catalysis of a step in the biosynthesis of ornithine (1). More- 
ls Although glutathione was found to antagonize the inhibitory effect of p-chloro- 
merouribenzoate, the latter was tested under standard conditions (in the presence 
of glutathione) because of the instability of the enzyme in the absence of glutathione. 
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over, the function of this acj'lnse appears lo be an essential one, at least 
under the conditions employed, since it could be shown (5, 1) b}" means of 
an E. coli mutant that absence of detectable acetylornithinase is associated 
with a growth requirement for ornithine (or an equivalent metabolite). 

Acetylornithinase activitj* has been demonstrated in all of several 
Enterobactcriaceae tested, including strains K-12 and B of E. coli and 
strains of Acrobacicr, KlchsicUa, Encinia, Serralia, Profevs, Salmonella, 
and Shigella (16).’^ In contrast, no appreciable acet5’-lomithinase actmty 
could be detected in A^ciirospora crassa (17), several other fungi, or certain 
Bacillaceae (16).'® The presence of acetylornithinase actmty in the 
Enterobactcriaceae suggests that the}^ like E. coli, produce ornithine via 
acetj'lated intermediates. On the other hand, the absence of detectable 
acet5'lornithinase actiAut}’ in the Bacillaceae and fungi pro\ddes e\’idence 
that these organisms do not use an acet3’lation mechanism in ornithine 
s}'nthesis. It is not unlikelj' that the Bacillaceae as well as the fungi 
sjmthesize ornithine from glutamic 7-semialdehj'de, as has been reported 
for N. crassa (17) and Torulopsis vlilis (18). 

stnniAiiy 

Acetj'lomithinase has been extracted from Escherichia coli and partiallj’- 
purified by a procedure including treatment with protamine and fractiona- 
tion with ammonium sulfate and acetone. 

Acetj’lomithinase appears to be specificallj’ stimulated bj' the cobaltous 
ion and bj’’ glutathione ; it is inhibited bj’’ the divalent ions of copper, zinc, 
and nickel as well as bj’ ethjdenediaminetetraacetate and p-chloromer- 
curibenzoate. 

Under the conditions used, the substrate concentration gi^dng half 
maximal velocity is 2.8 mil, and the pH optimum of the enzymatic reac- 
tion is about 7.0. 

Acetylornithinase appears capable of deacetylating A'’-acetjdmethionine 
at a rate approximating that obtained with A'’“-acetjdomithine. 

Enzyme assays have been carried out bj’ means of a convenient modifi- 
cation of the ninhydrin method of determining ornithine. 

A simple growth medium for the organisms used has also been described. 
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THE EFFECT OF FAT INTAKE ON INCORPORATION OF 
ACETATE-2-C» INTO LIVER LIPIDE AND EXPIRED 
a•^JIBON DIOXIDE 
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With the Techxicae Assistance of Makcia M. Stone 

{From the Department of Home Economics, University of California, Berkeley, 

California) 
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jMost of the studies of the effect of diet on utilization of tagged acetate 
have been carried on ■with liver slices or similar preparations, and verj- 
few with intact animals. In the in vitro e.\'periments b}' Tomkins, Shep- 
pard, and Chaikoff (1), the C’^Oj recoveries from added acetate-l-C'^ 
were highest for the liver slices from rats fed a 47 per cent fat diet for 8 
days, intermediate for those given 10 per cent fat, and least for rats fed 
no fat. However, Lj'on, IMasri, and Chaikoff (2) showed that, for fasted 
rats killed 6 hours after a single intubation of 2.5 ml. of com oil, the C^Oa 
recoveries from doublj* labeled acetate added to liver slices were depressed. 
Recoveries reached normal levels in rats killed 12 to IS hours after the fat 
was given. 

Alfin-Slater el al. (3) found that hepatic sjmthesis of cholesterol in intact 
rats fed deuterium was the same on low and high fat diets. Most similar 
e.vperiments reported in the literature do not take into consideration the 
change in calorie and protein intake or utilization which is likety to result 
from alteration of the fat content of the diet. Data from studies of fat 
synthesis by liver slices are difficult to interpret in terms of the metabolism 
of the whole animal. 

The present paper reports measurements of C’^02 e.xcretion and of C” 
m liver fat and cholesterol made at frequent inteiwals following the intra- 
peritoneal injection of a tracer dose of acetate-2-C“ into normal, non-fasted 
male rats. 


EXPEBIMENTAIi 

Dietary Treatment of Animals — ^Diets^ were made to contain 5 or 40 per 

* The data are taken from a thesis submitted by Esther Goossen Brice in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in Nutrition, 
University of California, June, 1954. 

* The composition of the diets, in per cent, was as follows; Diet a, “low fat,” 
casein IS, fat (Prime.x) 5, salts (Hubbell) 2.5 (4), sucrose 73.5, fat-soluble vitamin 
mix 1; calories, per 100 gm., 420; Diet b, “high fat,” casein 25.3, fat 40, salts 3.75, 
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cent fat and to furnish approximately the same amounts of protein and 
salt per 100 calories. Data are reported for ten series, each of three litter 
mate male rats M'hich had eaten food of equivalent energy and protein 
content for 3 weeks following weaning. A series consisted of one rat 
given the 6 per cent fat diet od Hbilum (Diet a), one rat pair-fed Avitli 
isocaloric amounts of the 40 per cent fat diet (Diet b), and one given the 
40 per cent diet ad lihiiinn (Diet c). The last group was necessarj”^ be- 
cause the larger bulk of the low fat diet tended to decrease food consump- 
tion below that normal for the diet high in fat. 

Methods — After 3 weeks on diet, each rat was injected intraperitoneall}'^ 
with acetate-2-C*^ in tracer amounts (2.7 X 10® to 3.6 X 10® c.p.m,). The 
animal was placed immediately in a metabolism chamber where it had 
access to food and water. Respiratoi^’- CO2 was trapped in C02-free 
NaOH, and studied at frequent intervals (Fig. 1) after injection of the 
acetate. Aliquots of the labeled carbonate were precipitated as BaCOa, 
and total expired CO2 was gra\dmetrica]l3'- determined. For counting, 
BaCOs samples were plated in duplicate on 2 inch aluminum disks. Radio- 
actmty was determined with a Geiger-Miiller tube with a thin mica vdn- 
dow, and proper corrections were made for background and self-absorption 
and for dilution of radioactive BaCOs hy addition of non-isotopic Na2C03 
when necessary. At the end of the last CO2 collection period, the rat 
was killed by decapitation, and the liver was removed, weighed, and dmded 
into weighed aliquots. Within 6 to 8 minutes, either saponification of 
the liver lipides was under way or the sample was in the deep freeze, stored 
for later analysis. 

For saponification, the liver samples were placed in hot alcoholic KOH 
and refluxed gently on a steam bath overnight. Most of the alcohol was 
removed bj'" eAmporation, the extract was diluted with Avater, and the 
non-saponifiable fraction was extracted Avith fiA’^e portions of petroleum 
ether, each haAong at least 5 times the Amlume of the h 3 '’drol 3 '’sate. Further 
extraction remoAmd no measurable radioactiAdt3\ 

The petroleum ether extracts AA^ere combined, and the Amlume AA-as re- 
duced by evaporation. The combined extracts AA^ere transferred quantita- 
tiA^ely to a separatoiy funnel and AA^ashed repeatedl3" AAdth 15 to 20 ml. 
portions of Avater to remoAm the soaps. After the washings AA^ere no longer 
alkaline to phenolphthalein, the petroleum ether extracts AA’ere dried OA-er 

sucrose 29.45, vitamin oil mix 1.5, and calories, per 100 gm., 592. B complex vita- 
mins were given separateb”- in 20 per cent alcohol. The daily dose levels for vitamins, 
in micrograms, were thiamine 20, riboflavin 40, pj'ridoxine 20, pantothenic acid 
100 niacin 66, p-aminobenzoic acid 100, folic acid 20, biotin 2, and inositol 2.5 
mg.', choline 5 mg., vitamin A, 100 i.ii., Autamin D 10 i.u., mi.xed tocopherols 1 mg., 
menadione 49 y. For purposes of pair feeding, 71 gm. of Diet b were considered 
equivalent to 100 gm. of Diet a. 
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Na:50< and made to volume. Aliquots were used for counting and for 
dctcrminaliou of total cholesterol by the method of Sperrj^ and Webb (5). 

The saponified aqueous mixture was combined with the water washings 
from the petroleum ether extract and acidified to bromocresol green with 
IICl. The fatty acids were extracted with five portions of petroleum 
ether, which were combined, and the volume was reduced b}’’ evaporation. 
Mtcr being washed three to five times with water, the extract was made 
to volume. Aliquots were used for counting and for determination of 
total fatt}' acids by the method of Bloor (6). 

For determination of radioacthdty, the cholesterol was precipitated as 
digitonide, carefully purified, and plated from an acetone suspension. 
.-Vfter the counting operation, the amount of digitonide on each plate was 
analyzed by the method of Sperr}' and Webb. Counts were corrected to 
zero mass and expressed as noted below. Radioacth-ity of the fattj’’ acids 
was measured bj' direct plating of 1 ml. aliquots of the petroleum ether 
extract. Counts were made and computed as for infinitel}' thin samples. 
Specific aclh'itics were calculated as counts per minute per mg. of fatty 
acid on the basis of analyses of the petroleum ether e.xtracts. Percentage 
incorporation was computed as mg. per liver times the specific acti\dtj’' 
di\aded by the counts of acetate-2-C“ given. 

PesuUs 

C^Os Excretion — ^Tjqjical cur\-es for the relative specific activities of the 
expired CO 2 are given in Fig. 1. The maximal specific acti'vit 3 ' for each 
rat was reached within A to 1 hour after the injection of the labeled acetate 
at both levels of ingested fat. In each litter group, the specific actmties 
at this time were higher for the rats fed the 40 per cent fat diet than for 
those fed the 5 per cent fat diet. After 1 to 2 hours, the specific actmt}’- 
cun'-es for the rats fed the high fat diet closelj'- paralleled those for the 
rats fed the low fat diet. 

The time-course of the C“02 excretion is shown in Fig. 2. The data 
indicate, as do the specific acthdties, that, in all of a considerable series 
of rats, incorporation of a large portion of the injected C’^ into expired CO 2 
took place during the first two half-hour inten’-als after injection of the 
acetate-2-C'k After the ,3rd hour, the rate of excretion was markedlj'- 
lower and remained more or less constant up to 24 hours. This suggests 
that the later excretion of C “02 represents oxidation, not of acetate but of 
other substances into which the acetate-C^^ had been incorporated. The 
indicated rapidity of the processes involved in acetate absorption, distribu- 
tion, metabolism, and excretion as CO 2 is striking. 

The total output of CO 2 was not notablj'’ affected the level of fat fed 
nor by the slightly higher calorie intake of the ad libitum group. Alean 
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40 % fat, pair- fed 
840 

40 % fat. od lib 
GH38 

5 % fot. od lib 


Hours after Injection 

Fig. 1. Typical curves for specific activity of e.xpired COj in a series of litter 
mate rats injected with acetivte-2-C'^ BH39, B40, and GH3S indicate the ear- 
marks and the color of the rats. 


O 70 


^ 40 % fat, potr-fed 
o 40 % fot, od lib 
o 5 % fat od lib 


0 4 8 12 16 20 24 

Hours after Injection 

Fig. 2. Mean cumulative e.vcretions of C'‘'02 following intraperitoneal injection 
of acetatc-2-C*'' for ten scries of three litter mate rats each. 
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values, expressed as mg. of BaCOa per hour, were 2579 for the rats fed 5 
per cent fat, 2444 for the pair-fed group with 40 per cent fat, and 2500 for 


Tabu: I 


Liver Lipidcs Following Injection of Acctatc-8-C^* 


Litter 
group Xo. 

Diet No.* 

Time after 
injection, 
hrs. 

Liver fatly acid 

Liver cholesterol 

Per cent 
C“ expired 
as C» 0 !t 

Per cent 
moist 
ttcighl 

Specific 

activity 

Per cent 
incorpora- 
tion, C“ 

Per cent 
moist 
>\cightt 

Specific 

activity 

^ Per cent 
incorpora- 
tion, 

I 

n. 

0.5 

3.31 

1104 

5. 88 

0.19 

394 

0.12 

10.2 


b 

0.5 

9.10 

37 

0.52 

0.49 

322 

0.21 

16.3 

II 

a 

0.5 

4.01 

88 

0.57 

0.20 

104 

0.03 

15.2 


b 

0.5 

7.50 

49 

0.56 

0.26 

345 

0.13 

27.5 


c 

0.5 

6.92 

00 

0.80 

0.23 

214 

0.09 

21.6 

III 

a 

1.0 

2.87 

510 

2.99 

0.18 

473 

0.17 

27.7 


b 

1.0 




0.25 

451 

0.18 

45.7 


c 

I.O 

9.83 

33 

0.57 

0.21 

122 

0.05 

45.6 

IV 

a 

3.0 

3.81 

1059 

7.21 

0.19 

848 

0.29 

53.0 


b 

3.0 

6.45 

17 

0.18 

0..30 

426 

b.io 

73.3 


1) 

3.0 

4.98 

23 

0.17 

0.22 

261 

0.09 

71.5 

V 

a 

3.0 

2.94 

463 

2.87 

0.18 

98 

0.04 

55.7 


1) 

3.0 

6.88 

10 

0.11 

0.35 

99 

0.06 

74.9 


c 

3.0 

8.14 

20 

0.30 

0.35 

131 

0.09 

74.8 

VI 

a 

5.0 

3.60 

222 

1.35 

0.17 

196 

0.06 

70.3 


b 

5.0 

7.98 

29 

0.43 

0.33 

220 

0.14 

78.2 


c 

5.0 

8.95 

19 

0.33 

0.36 

62 

0.04 

80.4 

VII 

a 

8.0 

3.63 

388 

2.74 

0.22 

291 

0.13 

65.1 


b 

8.0 

6.69 

22 

0.23 

0.18 

155 

0.04 

80.1 


c 

8.0 

12.21 

68 

1.62 

0.23 

476 

0.21 

75.1 

VIII 

a 

12.0 

3.44 

150 

1.33 

0.15 

167 

0.07 

67.3 


b 

12.0 

6.92 

17 

0.25 

0.12 

116 

0.03 

79.0 

IX 

a 

12.0 

3.93 

176 

1.25 

0.11 

383 

0.07 

72.5 


13 

12.0 

6.25 

24 

0.35 

0.17 

274 

0.10 

82.6 


c 

12.0 

7.41 

31 

0.39 

0.17 

146 

0.05 

80.5 

X 

a 

24.0 

3.41 

60 

0.41 

0.20 

114 

0.05 

79.9 


b 

24.0 

6.37 

11 

0.14 

0.17 

153 

0.05 

88.3 


* Diet u, 5 per cent fat ad libiUim; Diet b, 40 per cent fat pair-fed; Diet c, 40 per 
cent fat ad libitum. 

t Based on extraction from alkaline suspension, and determination by the Sperry- 
Webb procedure, 
t Cumulative. 


the rats given 40 per cent fat ad libitum. This is important because it 
indicates that the difference in percentage incorporation of the acetate 
methyl carbon into CO 2 was not due to any effect of the diet on the amount 
of CO 2 produced, or, if the CO 2 output is used as a criterion, to any increase 
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in the metabolic rate of the rats caused by tlie ingestion of a diet high in 
fat. 

Fatty Acids — The livers of both groups of rats fed 40 per cent fat were 
significantly richer in fat than Avere those of their litter mates fed 5 per 
cent fat. The mean for the rats given the 40 per cent diet ad liUtxim was 
8.9 ±1.9 per cent/ for the pair-fed groups 6.9 ±1.1 per cent, and for the 
5 per cent groups 3.5 ± 0.4 per cent. Conversel}’-, the specific activity of 
the liver fatty acids was much greater in the rats fed 5 per cent fat than 
in either group fed 40 per cent fat, as ivas the percentage incorporation of 
the injected into the liver fatty acid (Table I). 

In general, the data indicate that a high fat diet lowers the amount of 
liver fatty acid synthesized from acetate, but does not stop the process. 

Cholesterol — The data for cholesterol were inconclusive. They varied 
nndely and demonstrated no consistent relationship either to fat intake or 
to time after injection (Table I). 

DISCUSSION 

C’^02 Excretion — The data indicate that the level of dietary fat influenced 
the rate of oxidation of the tagged acetate only Avhile the acetate, as such, 
was being actively oxidized. There is little or no evidence that diet 
influenced oxidation of the other substances into u'hich the tagged acetate 
Avas incorporated. This concept is in agreement AA'ith the findings of 
Harper et al. (7), Avho studied serum acetate, exhaled CO 2 , and urinaiy 
excretion of acetate in a dog after injection of tagged acetate; they reported 
that the injected acetate Avas completely metabolized during the rising 
phase of the specific actiAdty cuiwe for CO 2 and disappeared from the serum 
at the time the specific activity of exhaled CO 2 reached a maximum. 

The concept of a rapid initial oxidation of acetate per se, followed by a 
slow and steady oxidation of secondary compounds deriA'-ed from it, seems 
reasonable in AdeAv of AAdiat is knoAAui of the oxidation of fatt}'" acids and 
cholesterol. For instance, AAdien palmitic acid labeled AAuth at its 6th 
carbon AA’as injected (as its trigbrneride), Lerner et al. (8) found that fasted 
rats excreted only 36 to 59 per cent of the as CO 2 in 24 hours. Simi- 
larly, only 31 per cent of the C“ from cholesterol labeled at position 26 
AAms excreted as C^‘‘02 in 24 hours (9). 

After 12 hours, only 67.3 and 72.5 per cent of the giA''en in the present 
study had been recovered as C^^02 in the rats fed 5 per cent fat, AAhereas 
79.0 and 82.6 per cent of the C’'* dose had been expired as C ^^02 by the 
pair-fed rats g^ven 40 per cent fat. Similar trends ^Yere noted at other 
time intervals. The obvious inference is that the animals on the low fat 
diet incorporated a larger percentage of the ingested acetate into more 

2 Standard deviation. 
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slowly metabolized compounds. It seems probable that, in the animals 
fed the diet liigh in fat, the endogenous acetate “pool” may be larger than 
that in the rats fed less fat, because of acetate formation in /3 oxidation. 
Wick and Drurj' (10) have reported that the rate of oxidation of injected 
acetate-2-C'^ by e.xtrahepatic tissues of non-fasted rabbits is proportional 
to the concentration of acetate in the animal. 

The formation of C’O* from injected acetate was not affected by the 
slight restriction in food intake of the pair-fed rats. Because data on the 
effect of fastmg on rate of oxidation of acetate Avere not in good agreement 
(11, 12), rats were allowed access to food l>efore and after injection of the 
acetate. Differences in food eaten b}' indhudual animals during this pe- 
riod may haA'e increased variability in the data. 

The prompt appearance of the injected C’ in liver fat and cholesterol 
supports the conclusions of Stetten and Schoenheimer (13) and of Van 
Bruggen cl al. (14) that the sjmthesis of these lipides is normallj' rapid. 
OuE finding that the liver lipides of the rats with fatty livers AA'ere taking 
up C** shows that these livers were .sjuithesizing fat. Since the rate of 
oxidation of the C‘^-labeled acetate was greater and the rate of S 3 Tithesis 
of lal/ 2 led fattj' acid was less in the rats fed the diets high in fat, the data 
indicate that there is some homeostatic control of fattj' acid sjmthesis. 

Several studies nith liver slices (15) indicate that the rate of formation 
of liver fat decreases when the fat content of the liver is increased. The 
lowering of the specific acti-vity of the liver fatty acids which occurred 
after the 3rd hour following injection was marked in the rats on the 
low fat diet, but was much less in those fed 40 per cent fat. 

smoiARY 

The effect of varying the fat intake without altering the intake of 
calories and protein was studied in relation to excretion of and ^m- 
thesis of labeled liver lipides following a single intraperitoneal injection of 
acetate-2-C*^. Weanling male rats, litter mates in groups of three, were 
fed for 3 weeks preATOus to injection either (a) a diet containing 5 per cent 
fat and 18 per cent casein ad libiiuv}, (b) a diet containing 40 per cent fat 
in amounts adjusted to match the calorie and protein intake of the first 
group, or (c) the 40 per cent fat diet ad libitum. 

For about 1 hour after injection, the specific actmtA- of expired CO 2 was 
significantly higher Avith Diets b and c than AAdth Diet a. Both specific 
actmty and percentage incorporation of injected C“ into e.xhaled CO 2 fell 
markedly in all rats about 1 hour after injection and remained low and 
fairly constant from about 2 to 24 hours. The total CO 2 output was not 
altered by the percentage of fat in the diet. CumulatiA'e total expiration 
of C‘^02 during a 12 hour period averages 69.9 per cent of the dose for the 



114 


FAT INTAKID AND ACETATE METABOLISM 


rats fed Diet a and 80.8 per cent for the pair-fed rats on Diet b. The 
data indicate that a high fat diet leads to an increased rate of oxidation of 
acetate, possibly concomitant with accelerated acetate production by 
j8 oxidation of fatt 3 ’’ acids. 

Fat content of the livers averaged 3.5, 6.9, and 8.9 per cent, respectively, 
for Diet groups a, b, and c. The label appeared promptly in the liver fat 
and cholesterol of rats fed both low and high fat diets. Specific activity 
and percentage of incorporation of the injected C‘‘‘ into fatty acid were 
higher in the livers of the rats fed 5 per cent fat than in those given the 
high fat diet. The fall in specific activity with time was marked after 
2 to 5 hours in the low fat group, and less so in the high fat groups. 

The variability of the activity of tlie liver cholesterol was so great that 
it permits no conclusions. 
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OBSER'\*ATIONS ON THE ST.U3ILITY OF GROWTH 
HORIMONE* 

Br STiVNLEY ELLIS, GRjINT XODA, a.vd MIRIAM E. SLMPSOX 

{From Ihc Institulc of Experimental Biology, University of California, 
Berkeley, California) 

(Received for publication, April 22, 1955) 

A method for the preparation of highl}' purified anterior pituitarj' gro^dh 
hormone, based on the methods of Li and Pedersen (1) and of Wilhelmi et 
al. (2) has recently been described (3). Growth hormone thus prepared 
was found to differ significant!}' in stability from that reported by Li and 
Papkoff (4). By means of electrophoretic ana! 3 ’-sis the latter investigators 
observed the formation of a second component in pre\'iously homogeneous 
growth hormone solutions exposed to pH 4 or less, and to pH 8.4 or 9.4 or 
above, at 25°. The half time of formation of the new component was es- 
timated to be 32 hours at pH 9.4. Grondh hormone prepared b}' the 
method of Ellis et al. (3) consistently showed no electrophoretic change 
under the mild conditions of pH 8.6 or 9.6. This discrepanc}' necessitated 
a reexamination of the stability of grondh hormone over a wide range of 
pH, particularly between pH 4 and 8.6, which has not been liitherto re- 
ported. In order to determine whether there were any further dissimi- 
larities, it was important to reexamine the effect of some of the conditions 
used by Li and Papkoff (4). The re.sults obtained show that gim\dh hor- 
mone is biologicall}’ and electrophoretically stable between pH 5 and 1 1.5 
at 25°. At greater extremes of pH the lability of grovdh hormone was 
comparable to that obser\'ed by Li and Papkoff. 

EXPERIXrEXTAL 

The preparations used in this study have been characteiized in terms of 
electrophoretic behavior, solubility properties, and biological potency. 
Purified growdh hormone obtained by the procedure pre\’ioush' described 
(3) was further fractionated on the basis of solubilitj' in distfiled water. 
The solubility of the starting material in distilled water with respect to 
pH is shown in Fig. 1. The point of minimal solubility was at about pH 
8.0. From a 0.5 per cent protein solution at pH 4.0, the precipitates which 
formed on successive adjustments to pH 3.9 and 6.9 were removed bj' cen- 
trifugation. The precipitate formed at pH 8.0 was used in the studies 
described below. The electrophoretic patterns of the precipitates at pH 

* Supported in part by Xational Institutes of Health, Public Health Service, 
grant A-661. 
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6.9 and pH 8 are presented in Fig. 2, Inspection of these patterns shows 
that the latter preparation w'as more nearly homogeneous. 

All electrophoretic determinations were performed at 0.5° -with a 2 cc. 
cell (open type) Perkin-EImer electrophoresis apparatus. The mobilities 
were calculated from the descending limb from the conductivity of the 
pure buffer solution. 

JO 



Fig. 1. The solubility of growth hormone in distilled water as a function of pH. 
An approximately 0.2 per cent solution of purified growth hormone was equilibrated 
for 15 minutes at the indicated pH. An aliquot of the suspension was centrifuged 
and the clear supernatant solution anab^zed for nitrogen. 


AID A E D 



Fig. 2. Ascending (A) and descending (D) electrophoretic patterns of the pro- 
tein precipitated at pH 8.0 and pH 6.9 (Patterns 1 and 2, respectively), after electro- 
phoresis for 45 minutes in 0.015 m NaOH-0.03 m glj'cine buffer, pH 9.6, potential 
gradient 19.0 volts per cm. 

GroAvth hormone activity was estimated by the 4 day tibia test (increase 
in width^ of the uncalcified portion of the proximal epiphyseal cartilage of 
the tibia compared with that of the untreated hypophysectomized rat) (5). 
The growth activity retained by treated preparations was expressed as per 
cent of the increase given by the untreated growth hormone. Untreated 
growth hormone was always assayed simultaneouslj" with the treated prep- 
arations. This was found to be essential, since the responsiveness of the 
hypophysectomized rats to a given preparation of growth hormone fluctu- 
ates from week to week. 

1 A width in Tables I and II. 
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Results 

Effect of pH 2.5 to 4— From the data of Table I, it is eiddent that groiNih 
hormone oonsistently decreased in acthntj’- on standing in acid solutions at 


Tabi.e I 

Biological Activity and Electrophoretic Composition of Growth Hormone 
Folloicing Treatment in Acid Solutions 


Trealraent of growth hormone 

Dose 

No. of 
rats 

Tibia lest 

Electropho- 
resis at pH 
4.0;t slow 
component 

Solvent 

Time 

IVidth* 

A 

width! 

Activity 

retained 


hrs. 

7 





Ptr ctn\ 

ptr cent 

pH 2.5, glycine buffer 

3 

50 

7 

221 ± 

5 

62 

68 

34 

“ 2.5, “ “ 

12 

50 

8 

201 ± 

7 

42 

46 

24 

Untreated hormone 


50 

8 

250 ± 

10 

91 

100 


Uninjected control 


0 

6 

159 =fc 

7 




pH 2.5, glycine buffer 

40 

50 

15 

180 ± 

4 

24 

34 

0 

Untreated hormone 


50 

15 

226 ± 

6 

70 

100 


Uninjected control 


0 

10 

156 ± 

3 

1 



1 N HCsHjO: 

6 

50 

10 

210 ± 

6 

43 

71 

49 

0,1 N HCsHaOs 

12 

50 

10 

214 ± 

6 

47 

77 

68 

Untreated hormone 


50 

10 

228 ± 

5 

61 

100 


Uninjected control 

1 

0 

1 ® 

167 ± 

9 




1 K HCsBtaO* 

12 

j 50 

10 

226 ± 

5 

i 

66 

85 

31 

0.1 N HC-HjO- 

24 

50 

10 

207 ± 

12 

47 

60 

35 

Untreated hormone ! 


50 1 

8 

238 ± 

7 

78 

100 


Uninjected control 


0 

8 

160 ± 

4 

1 



2 X HC^HjO- 

12 

50 

8 

232 ± 

1 

7 

73 

80 


Untreated hormone 


50 

9 

250 ± 

10 

91 

100 


Uninjected control 


0 

6 

159 d= 

7 




pH 4.0, acetate buffer 

24 

80 

12 

251 ± 

7 

83 

100 

54 

“ 4.0, 


40 

12 

221 ± 

7 

53 

100 


Untreated hormone 


80 

9 

253 ± 

5 

85 

100 


ti fi 


40 

9 

218 ± 

6 

50 

100 


Uninjected control 


0 

8 

168 ± 

7 




pH 4.0, acetate buffer 

40 

50 

15 

189 ± 

5 

33 

47 

10 

Untreated hormone 


50 

15 

226 ± 

6 

70 

100 


Uninjected control 


0 

10 

156 ± 

3 





* Mean width of uncalcified portion of the proximal epiphyseal cartilage ± the 
standard error. 

t Difference from the mean control -width. 

X 0.03 M NaOAc-0.145 m HOAc, pH 4.0, ionic strength 0.03. 
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25°. The greatest loss occurred in buffer (0.1 n HCl-0.2 n glycine) at 
pH 2.5, in Avhich 54 per cent of the activity was lost after 12 hours of treat- 
ment. In acetic acid solutions of the corresponding pH, obtained by dis- 
solving the hormone in 1 or 2 n aceiic acid, the loss of activity was not so 
rapid, only 15 to 20 per cent being lost after 12 hours. There was no dis- 
cernible difference in the extent of inactivation when the preparations were 
treated in 2 n, 1 n, or 0.1 n acetic acid solutions for 12 hours. The treat- 
ment of growth hormone in 0.03 m sodium acetate-0.145 m acetic acid 
buffer at pH 4.0 for 24 hours resulted in no detectable loss of activity; how- 
ever, after 40 hours one-half of the activity was lost. 

Electrophoretic examination of these treated samples of groAvth hormone 
showed the presence of two components, the fast moving component having 
been absent in the untreated starting material. The amount of the fast 
component, as determined by measurement of the area under this peak, 
was a function of the time of exposure to the acid solutions. The slow com- 
ponent was progressively converted to the fast component with increasing 
time of exposure to the acid solutions. The time for 50 per cent conversion 
was 1| hours in glycine buffer at pH 2.5, 6 hours in 1 n acetic acid, 18 hours 
in 0.1 N acetic acid, and 24 hours in acetate buffer of pH 4.0. It is note- 
worth}’’ that no loss of biological activity was detected in grov'th hormone 
which had been treated for 24 hours in acetate buffer at pH 4.0, although 
46 per cent conversion into the fast component had occurred (Fig. 3). 
Table I illustrates the degree of conversion to the fast mo^^ng component 
and the accompanying per cent of biological inactivation under the vari- 
ous conditions employed. 

The electrophoretic mobility of untreated growth hormone was 6.4 X 10"® 
sq. cm. per second per Amlt in 0.03 m sodium acetate-0.145 m acetic acid 
buffer at pH 4.0, 0.03 ionic strength. The fast moving component result- 
ing from the acid treatments had a mobility of 7.4 X 10~® sq. cm. per 
second per volt. The mobility of the slow mo'\dng component was 5.5 X 
10"® sq. cm. per second per volt. 

Effect of pH 5.0 to 11.5 — The electrophoretic patterns and biological 
potency of growth hormone were studied after treatment for 12 and 24 
hours in the range of buffers^ from pH 5.0 to 11.5 at 25°. Under these 
circumstances, no loss of biological potency was detectable. Electropho- 
retic patterns of the treated hormone were obtained both in 0.03 m NaOAc- 
0.145 M HOAc buffer at pH 4.0 and in 0.03 m NaOH-0.077 m glycine buffer 
at pH 9.6, 0.03 ionic strength. No modification in electrophoretic patterns 

2 The pH and the buffer composition of these solutions were as follows: pH 5.0, 
0.1 M NaOAc-0.048 m HOAc; pH 5.5, 0.1 m NaOAc-0.016 m HOAc; pH 7.8, 0.004 m 
N aH2P04-0.032 m Na2HP04; pH 8.6, 0.026 m Na 2 B 407 - 0.022 m HCl; pH 9.5, 0.04 m 
N a 2 B 407 - 0.02 m NaOH; pH 9.6, 0.05 m NaOH-0.13 m glycine. 
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from that of the untreated hormone could be found. A change in electro- 
phoretic pattern rvas obserr'cd under one set of cricumstances only, 0.05 
M Na5HP04-0.03‘l m IsaOH buffer at pH 11.5 and 25° for 27 hours. Under 
these conditions 25 per cent convei'sion to the fast component rvas ob- 
ser\'ed; the biological activitj' was not decreased. 

Li and Papkoff (4) had found that a second component appeared after 
treatment at pll 8.4 or 9.4. Since the absence of such an effect under the 
conditions reported here might result from differences in methods of hor- 
mone preparations, gron-th hormone was prepared as closely as possible by 



Fig. 3. Ascending (A) and descending (Z)) electrophoretic patterns showing the 
progressive increase of the fast moving component. Growth hormone in Patterns 
1, 2, and 3 after treatment for 12i, 24, and 40 hours with 0.03 m NaOAc-0.145 M HOAc 
buffer at pH 4.0. Pattern 4 shows growth hormone after treatment with 0.05 M 
NaOH-0.13 M glj’cine buffer at pH 9.6 for 24 hours. This pattern is indistinguishable 
from that of untreated growth hormone and shows the absence of an effect of treat- 
ment at pH 9.6 on growth hormone. Patterns after 45 minutes electrophoresis in 
0.03 51 NaOAc-0.145 5i HOAc buffer, pH 4.0, at a potential gradient of 13.6 volts per 
cm. 


the method of Wilhelmi et al. (2) and that of Li and Pedersen (1). These 
preparations also .showed no modification of electrophoretic pattern after 
exposure to glycine or borate buffers at pH 9.6 for 24 hours. 

Effect of 0.1 A' NaOH — In 0.1 n NaOH the complete groMTh activity Avas 
retained after up to 3 hours of treatment at 25°; after 6 hours 67 per cent 
of the activity was retained (Table II). The protein content of the hor- 
mone solutions so treated Avas so high (20 mg. per cc.) that dilution of an 
aliquot to the injection level (0.025 mg. per cc.) was sufScient to bring the 
pH to between 8.5 and 9.5. The protein was therefore at no time exposed 
to acid pH before injection, f^ffien the alkali-treated protein solutions 
were adjusted to pH 4.0 with dilute acid, evolution of H^ resulted. Bio- 
logical assay of the solutions obtained after adjustment to pH 4.0 shoAA-ed 
a loss of activity. Preparations treated with alkali for 3 hours, then ad- 
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justed to pH 4.0, retained 38 to 56 per cent of the original activity, whereas 
these preparations retained 100 per cent of their activity if the pH did not 
fall below pH 8.5 to 9.5. 


Tahli: II 


Biological Activity and Electrophoretic Composition of Growth Hormone 
Following Treatmcnl in Alkaline Solutions 


Treatment of growth hormone 

Dose 

No. of 
rats 

Tibia test 

Electropho- 
resis at pH 
4.0, 't slow 
component 

Solvent 

Time 

Width 

1* 

A 

widtht 

Activity 

retained 


hrs. 

y 


M 


P 


per cent 

pH 11.5, phosphate buffer 

12 

50 

10 

250 ± 

5 

80 

|R m 


“ 11.5, 

27 

50 

9 

273 ± 

6 

103 

BEfl 

rngm 

Untreated hormone 


50 

10 

251 ± 

9 

81 

Birfl 


Uninjected control 


0 

8 

170 dz 

11 




0.1 N NaOH 

X 

4 

50 

10 

238 ± 

8 

63 

100 


0.1 “ “ 

1 

'2 

50 

10 

235 ± 

6 

60 

100 

61 

0.1 “ “ 

1 

50 

9 

246 ± 

14 

71 

100 


0.1 " ” 

2 

50 

10 

246 ± 

5 

71 

100 

1 14 

0.1 “ “ 

3 

50 

10 

237 ± 

8 

62 

100 


Untreated hormone 

1 

SO 

10 

241 ± 

9 

66 

100 


Uninjected control 

! 

0 

8 

175 ± 

6 

1 

1 

1 

1 

1 

0.1 N NaOH§ 

3 

50 

10 

210 ± 

8 

23 

38 


Untreated hormone 

1 

50 

10 

248 ± 

8 

61 

100 


Uninjected control 


0 

8 

187 ± 

4 




0.1 N NaOH 

6 

50 

9 

218 ± 

10 

58 

67 

0 

0.1 “ “ § 

3 

50 

10 

209 zk 

13 

49 

56 


Untreated hormone 


50 

10 

247 ± 

11 

87 

100 


Uninjected control 


0 

8 

160 ± 

6 





^ Mean width of uncalcified portion of the proximal epiph 3 'seal cartilage ± the 
standard error. 

t Difference from the mean control width. 

} 0.03 SI NaOAc-0.145 si HOAc, pH 4.0, ionic sti-ength 0.03. 

§ Adjusted to pll 4.0 after treatment with 0.1 n NaOH. 

After treatment of growth hormone for 1, 2, or 3 hours in 0.1 N so- 
dium hydroxide, electrophoretic studies were conducted in 0.03 m NaOH- 
0.077 M glycine buffer at pH 9.6 and 0.03 m NaOAc-0.145 m HOAc buffers 
at pH 4.0, 0.03 ionic strength. In both buffers a fast moving peak ap- 
peared, which progressively increased in area as a function of time of 
exposure to alkali. The half time of conversion to the fast component 
was 45 minutes as calculated from electrophoretic patterns obtained at 
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pH 4.0, and CO minutes as calculated from patterns at pH 9.6. The mo- 
bilities of the fast and of the slow components in 0.03 M sodium acetate- 
acetic acid buffers at pH 4.0 were, respectively, 7.1 X 10"‘ and 5.2 X 10~® 
sq. cm. per volt per second, while in 0.03 m sodium hj'droxidc-glj'cinc buffer 
at pH 9.G the mobilities of the fast and slow components were —4.4 and 
—2.1 X 10“® sq. cm. per volt per second. The electrophoretic patterns 
obtained were similar to those shown in Fig. 3. The growth hormone be- 
fore treatment had a mobilitj' of —2.3 X 10~‘ sq. cm. per volt per second 
in the latter buffer. 

/Mthough all growth hormone preparations after treatment in 0.1 x 
NaOH showed the presence of a fast mo\dng component when the electro- 
phoresis was conducted in buffer at pH 9.G, this was not consistent!}' 
characteristic on electrophoresis in buffer at pH 4.0. In one growth hor- 
mone preparation out of sL\ (all prepared by the same method (3) and 
treated with 0.1 n NaOH) there was a scarcely perceptible shoulder on the 
single peak instead of two peaks after electrophoresis at pH 4.0. Since 
this preparation did not differ significantly in electrophoretic homogeneit}^ 
or in biological potency, it is difficult to e.vplain the absence of the distinct 
fast moving peak. 


DKCUSSION 

From the data presented, it appears that growth hormone under the 
conditions described has a range of maximal stability from pH 5.0 to 11.5. 
In this range no change in electrophoretic pattern or detectable biological 
inactivation occurred up to 24 hours at 25°. In contrast to these results, 
Li and Papkoff have observed that growth hormone is gradually converted 
to the fast moving electrophoretic form at pH 9.4 at a rate of approxi- 
mately 50 per cent per 32 hours, without loss of biological actmty. It has 
not been possible to reproduce their electrophoretic results, though growth 
hormone prepared by three different methods has been studied. At the 
present time it is not possible to present a reason for the conflicting obser- 
vations. The use of unequivocally homogeneous preparations of growth 
hormone would be desirable, since it is conceivable that slight impurities 
would affect either the denaturation or the resolution during electrophore- 
sis. This criticism appUes also to the work of Li and Papkoff. 

It is of interest to compare the electrophoretic analyses reported here 
for growth hormone treated in more concentrated alkali (0.1 x NaOH) 
with those in buffer at pH 9.4 observed by Li and Papkoff. The per- 
centage of the fast moving component as determined in both buffers, pH 
4.0 and 9.6, was found to increase with time of alkaline treatment, from 
which it was inferred that the fast moving components observed in the 
two buffers represented the same entity. If this is true, the curves of the 
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mobilities plotted against pH of the fast and slow components ivould then 
intersect at some point. In the Li and Papkoff studies, the curves of the 
mobilities plotted against the pH, obtained from electrophoretic analysis 
of growth hormone treated at pH 9.4, did not intersect. Hence, the faster 
moving component which appeared on electrophoresis in buffer at pH 4.0 
could be identified as the slower moving component present in alkaline 
buffers. Although in the present study the formation of two electro- 
phoretic components was not. observed after treatment with alkaline 
buffers of pH 8.6 and 9.6, two peaks did appear on electrophoresis after 
treatment with 0.1 n NaOH. It is significant that in the latter instance 
the electrophoretic mobility curves were ciualilalivel}'’ different from those 
reported b3’' Li and Papkoff. 

Preliminary separations on ion exchange columns of the original growth 
hormone and that treated for 1 hour with alkali showed that the slow com- 
ponent of the alkali-treated hormone corresponded to the unchanged hor- 
mone and retained full biological activity. The fast component was some- 
what diminished in potency, compared with the untreated hormone. 

SUAIMARY 

Treatment of growth hormone solutions at or below pH 4.0 and at pH 
11.5 or above resulted in the formation of progressively increasing amounts, 
proportional to the time of exposure, of a fast moving electrophoretic com- 
ponent. At both extremes of pH, biological activity diminished with time 
of exposure and was lost most rapidly in gljmine buffer at pH 2.5. In the 
range from pH 5.0 to 11.5, no electrophoretic change or loss of activity was 
observed under the conditions employed. Hence the region of maximal 
stability of growth hormone was determined to be from pH 5.0 to 11.5. 
Treatment of growth hormone with 0.1 N NaOH gradually converted it to 
a new electrophoretic component ivhich possessed a higher mobility and 
thus a higher net charge in both acid and alkaline buffers. 
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AMYL0-1,6-GLUC0SID^VSE IN MUSCLE TISSUE IN 
GENERALIZED GLYCOGEN STORAGE DISEASE* 
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Previous studies of glj'cogeu storage disease have shown that several 
distinct tjTJes may be recognized (1). In the liver-kidne}’’ tj^je, first 
described by von Gierke, other organs are not affected, the gl 3 ’^cogen is 
normal in stmeture, and thespecific enzimiatic lesion consistsinlow glucose- 
G-phosphatase acthdtj’ in liver and kidney cortex (2), the principal tissues 
which normally contain this enzjTne, 

In other cases, which are rarer, gIj’’cogen storage occurs in all tissues 
and is especiall}' prominent in heart, diaphragm, and skeletal muscle. 
Two such cases have recentlj' been analj'zed. In one fatal case the struc- 
ture of the gl3’’C0gen isolated from heart, skeletal muscle, and liver was 
normal, and the glucose-6-phosphatase acti\dty of liver and kidney was 
within the normal range (3). A specific enz 3 Tnatic lesion in this t 3 'pe of 
generalized glycogenosis has not so far been detected. 

In the other case biopsy specimens of liver and skeletal muscle of a 12 
year-old girl were obtained (1). These tissues contained, respectivel 3 L 
8.7 and 4.6 per cent of a glycogen which had very short outer chains and 
resembled in this respect the limit dextrin produced from glycogen by the 
action of phosphorylase.' Such an abnormality in structure could result 
from a deficiency in amylo-l,6-glucosidase (debranching enzyme) which, 
by splitting the 1 , 6 linkage at branch points, makes the inner structure of 
glycogen accessible to phosphorylase action (5). In the absence of this 
enz 3 me the action of phosphorylase stops when it approaches the first tier 
of branch points and thus produces a pol 3 ^saccharide vdth short outer 
chains. An accumulation of this polysaccharide would result because the 
innec core of gl 3 '’cogen would not be accessible to the degrading action of 
phosphorylase. Because of lack of material this suggestion could not be 
tested at that time. 

In this paper are reported seven additional cases of glycogen storage in 
muscle and other tissues, six of them fatal. In five cases glycogen struc- 

* This vork was supported b 3 ' grants from the Rockefeller Foundation and the 
Corn Industries Research Foundation. 

' What is probably another such case, in which, however, only the liver gb'cogen 
was analj'zed, has recently been reported by Manners (4). 
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lure was considered to be normal on the basis of branch point percentage 
and length of outer chains, while in two cases the glycogens had short outer 
chains. In one of these two (Case 6), glycogens from all tissues investi- 
gated had very short outer chains, while in the other (Case 7) the outer 
chains of liver, kidney, and heart glycogen were much shorter than those 
of skeletal muscle and diaphragm glycogen. 


EXPERIMENTAL 

The following methods have been described and will not be detailed 
here, except where necessary: isolation and purification of glycogen (6), 
enzymatic determination of end-group and of lengtli of outer chains of 
glycogen (6), and measurement of glucose-6-phosphatase (2), 

In the glucosidase test (7) one uses the phosphorylase limit dextrin of 
glycogen and inorganic phosphate as substrates and an excess of phos- 
phorylase freed as much as possible of glucosidase as auxiliary enzyme.* 
The products formed (free glucose plus glucose-l-phosphate and, if phos- 
phoglucomutase is present, glucose-6-phosphate) are determined as reduc- 
ing sugars (after removal of residual polysaccharide and acid hydrob’^sis of 
the glucose-l-phosphate). It is essential that a limit dextrin be used as 
substrate, which has been formed by repeated and exhaustive treatment 
with phosphorylase. Glycogen, when present, interferes in this test and 
results in glucosidase values which are too high, because phosphorylase 
alone can form glucose-l-phosphate from glycogen. Tliis posed a special 
problem in the case of the muscles of the cases of glycogenosis, with their 
extremely high glycogen content. In contrast to rabbit muscle, sufficient 
glycogen was extracted from these human muscles to rdtiate a direct 
determination of glucosidase activity in crude extracts. A partial purifi- 
cation of glucosidase and separation from glycogen were effected as follows. 

Weighed portions (1.5 to 10 gm.) of the frozen muscle were allowed to 
thaw partially and were cut into small pieces with scissors. The muscle 
was homogenized with 2 volumes of ice-cold water in a micro Waring 
blendor, and the whole mass was transferred vdth measured washings to a 
centrifuge tube. After standing for 10 minutes in the cold, the muscle 
residue was removed by centrifugation and the supernatant fluid adjusted 
to pH 6 by addition of a molar solution of sodium acetate (pH 4.6). The 
precipitate which formed was removed by centrifugation and filtration 
and the supernatant fluid adjusted to pH 7.0 with solid KHCO3. After 

2 Up to eleven recrystallizations may be required to free the phosphorylase of tlie 
last traces of glucosidase. The same test system, without addition of glucosidase, 
serves as a phosphorylase blank. In the present work the phosphorjdase prepany 
tion used gave a negligible blank (about 6 to 10 scale units in the Klett photoelectric 

colorimeter). 
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addition of ammonium sulfate solution, pH 7.0, to 0.55 saturation,’ the 
sample was kept for 1 hour in an ice bath; it was then centrifuged and the 
precipitate washed t%Hce with several ml. of 0.55 saturated ammonium 
sulfate solution in order to remove the glycogen included in the precipi- 
tate. The washed precipitate was dissolved in a small volume (0.5 to 
1.0 ml., depending on the amount of tissue taken) of a 0.0012 m Versene- 
0.015 51 glycerophosphate buffer, pH 7.2, and dialyzed with stirring for 
2 hours in the cold against the same buffer. Protein was determmed in 
the dialj’^zed solutions by the method of Lowrj’’ ct al. (8). The amount of 
protein added in the glucosidase tests 5-aried from 0.07 to 0.45 mg. Gen- 
erally, 0.1 ml. of a 1:2 to 1:10 dilution of the dialyzed glucosidase prep- 
aration in 0.0012 M Yersene, pH 6.8, was added to the reaction mi.Kture 
(final volume 1 ml.) which contained 1 mg. of phosphorjdase limit dextrin, 
50 fimoles of inorganic phosphate, pH 6.8, and 0.2 mg. of repeatedly re- 
crj'stallized muscle phosphorylase in 0.0012 m Yersene, pH 6.8. Glucosi- 
dase was added last to start the reaction. After incubation for 20 minutes 
at 30°, the solution was deproteinized and analyzed for reducing sugars as 
described pre\dously (7). 1 7 of reducing sugar formed during 10 minutes 
of incubation under the conditions of this test was designated as 1 gluco- 
sidase unit. EnzjTne actmty in Tables I and II is expressed as units per 
100 mg. of muscle. 

Several control incubations were carried out with each glucosidase test; 
in one of these phosphate was replaced bj' sodium chloride, and this seiwed 
as the “amylase blank;” in the other no limit dextrin was added, and this 
served as the “glycogen blank;” phosphorjdase alone was also tested to 
pro\dde a correction in case there were still present traces of glucosidase. 
The sum of these blanks was applied as a correction and amounted to 10 
to 20 per cent of the experimental values when the glucosidase content of 
the muscle was in the higher range. When the apparent glucosidase 
activity was very low, the blank values were of special importance in 
deciding whether or not glucosidase actmtj’’ was present in a particular 
muscle. In Table II, where zero actmty of glucosidase is recorded, read- 
ings in the IHett photoelectric colorimeter varied between 15 and 22 scale 
units and exceeded the combined blanks by only 1 to 5 scale units, a 
difference which was regarded as within the experimental error of the 
method used for the determination of reducing sugars. The low “glycogen 
blanks” (with two exceptions, when they were 30 and 43 IQett units, 
respectivelj’-) show that the method used resulted in a separation of gluco- 

^ Glucosidase in extracts of frozen human muscle is incompletely precipitated 
at 0.41 saturation ■with ammonium sulfate, ■while nearly complete precipitation is 
achieved at 0.55 saturation. This is in contrast to fresh rabbit muscle, in ■which 
over 80 per cent of the glucosidase is precipitated at 0.41 saturation (7). 
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sidase from the glycogen present in tlic crude extracts of the glycogenosis 
cases. Glucosidase activity was ahvaj^s tested in several dilutions of the 
enzyme, and fair proportionality was found between dilution and enzyme 
activity over an 8-fold range of dilution. In the glycogen deposition 
cases (with the exception of Case 5, in which only 2 gm. of muscle were 
available) the enzj’-me was prepared from several aliquots of the same 
muscle, sometimes on the same dajq sometimes after an interval of several 
weeks, during which tlic muscle was ke])t frozen. Activity tests on these 
extracts were in good agreement, and it should be emphasized that in 
Cases 6 and 7 no glucosidase was found in several separately prepared 
extracts. 

A method of purification of glucosidase which would be applicable to 
the quantitative determination of this enzyme in liver tissue has so far not 
been achieved. 

Pertinent clinical information is given at the foot of Tables I and II. 
All tissues were received packed in dry ice and were kept frozen until 
analyzed. The time elapsing between death and freezing of the tissues 
was 4 hours or less, except in Case 3, Table II, when it was 17 hours. In 
Case 4, Table II, the tissues were in poor condition and histological exam- 
ination revealed autolysis. Glucosidase activity in the diaphragm of the 
former and glucose-6-phosphatase activit}’’ in the kidney of the latter 
case were low. It is of interest that the glycogens isolated from these 
two patients had outer chains of normal length; this would indicate that 
outer chain length is not significantly affected by postmortem changes in 
liver, kidney, or muscle. 


Results 

Table I summarizes the determinations of glucosidase activity in heart 
and muscle tissues of children who died from causes other than glycogen 
storage disease. The tissues Avere frozen A\dthin 4 hours after death. Glu- 
cosidase activity varied over a considerable range. Whether this varia- 
tion reflects actual differences in enzyme content or is due to differences 
in handling the tissues after death before they were received here cannot 
be decided. 

Glucosidase determinations Avere carried out in three cases of storage 
disease in AAdiich the glj'-cogens had outer chains of normal length (Table 
II). Cases 3 and 4 shoAved postmortem autol 3 ’'sis of tissues and AA^ere 
therefore not suitable for enzyme analysis. In Cases 2 and 5 glucosidase 
activity Avas AA-ithm the range seen in children Avho did not have glycogen 
deposition disease. In Case 1 Ioav values Avere obtained. 

In Case 5 the percentage of 1 ,6 bonds and the length of the outer chains 
of the glycogen fall A\dthin the normal range. HoAA^ever, this glycogen AA^as 
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not oompletch- digested bj' phosphorylasc plus glucosidase, about 20 per 
cent resisting digestion. Too little glycogen was available for further 
stud}'. Possibly this case constitutes still another t}’pe of glycogen depo- 
sition disease. "IMiether tissues other than skeletal muscle stored glycogen 
in this subject remains unknown. 

In the two cases with abnormal glycogen structure no glucosidase 
aeti\'ity could be detected in skeletal or heart muscle. The absence of the 
glucosidase can explain the abnormal glycogen structure. Measurements 
of glucosidase activity in liver and kidney could not be carried out, but 

T.^ni.E I 


Amylo-1 ,6-gIucnsi(laiic Activity in Muscles of Infants 


Case No. 

Age 

Muscle 

Gluco<;idase activity 




units per 100 mg. 

1 

1 day 

Diaphragm 

157 



Abdominal 

150 



Psoas 

216 

2 

2J mos. 

Diaphragm 

89 



Psoas 

116 

3 

3 mos. 

Thigh 

30 



Heart 

215 

4 

Premature birth 

Diaphragm 

59 



Psoas 

61 

5 

5 mos. 

Skeletal 

125 

Unfrozen rabbit muscle 


254 


Gases 1, 2, and 4, St. Louis Children’s Hospital; Case 2, died of cerebral hemor- 
rhage; Case 3, Jewish Hospital of Brooklyn; diagnosis uncertain; thigh muscle glyco- 
gen 0.3, heart 0.53 per cent; Case 5, St. Louis University; diagnosis uncertain; 
glycogen below 0.1 per cent. 

the glycogens isolated from these tissues also had abnormally short outer 
chains. It seems that this type of general glycogen storage disease, of 
which four cases are now on record, may be caused by a specific enzymatic 
lesion; namely, a loss of glucosidase which is presumably normally present 
in all tissues. As yet, with a very small number of cases studied, there 
are no family histories to support the view that this form of the disease, 
like the other forms, is of genetic origin. 

Table II shows that glucose-6-phosphatase actmty m hver and kidney, 
which is low in exclusive liver-kidney storage disease, is vithin the normal 
range in both types of generalized storage disease. Another difference 
may be pointed out. While the fat content of the liver is usually very 
high in fatal cases of hver-lddney storage (9), this is not true in the two 
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Taiii>e II 


Olycogen Content, Strnctvrc, and Enzymes in General Glycogen Storage Disease 
In Cases 1 to 4 the gb'cogen structure •n-as normal; in Cases 6 and 7 the glycogen 
had abnormally short outer chains; for Case 5, see the text. 


Case No. 

Tissue 

Glycogen 

content 

Fat 

content 

1 ,0 bonds 
in 

plycoRcn 

Dcgradaliot 
of glycogen 
by phos- 
pborj'lase 

1 GIucose-6- 

pliosphatasc 

activity 

, Glucosidasc 
activity 



per cent 

per cent 

per cent 

per cent 

y P 

liberated^ 

units per 
100 tug. 

1 

Heart 

7.9 


7.8 

43 


14 


Psoas 

12.7 


8.1 

41 


17 


Diaphragm 

5.4 


8.1 

41 


13 


Liver 

7.0 


7.4 

39 




Kidnej’ cortex 

1.2 






2 

Heart 

8.2 


7.7 

42 


102 


Thigh muscle 

9.8 





83 


n II 1 

8.3 



37 




Liver 

7.5 


8.4 

40 

440 



Kidney 

1.1 




420 


3 

Heart 

10.3 


6.2 

40 




Diaphragm 

7.0 


7.9 

37 




Liver 

6.1 

8.4 





4 

Heart 

! 7.6 

1 

8.6 

36 




Diaphragm 

12.4 


8.3 

35 




Liver 

6.6 

5.3 

7.9 

32 




Kidnej" cortex 

6.0 

5.9 

8.5 

40 



5 

Muscle t 

13.0 


8.8 

33 


172 

6 

Heart 

4.7 


12.0 

6 


None 


Psoas 

3.5 


12.6 

5 


(( 


Diapliragm 

5.1 


12.3 

3 


(C 


Liver 

14.2 

2.6 

9.9 

13 

350 


1 

Kidney cortex 

0.1 

6.0 



450 


7 

Heart 

4.5 


12.8 

11 


None 


Psoas 

10.3 





<{ 


Gastrocnemius 

14.5 


9.2 

25 



1 

Diaphragm 

8.9 


9.6 

26 


6 


Liver 

8.0 

11.3 

14.5 

10 

570 



Kidne}" cortex 

0.6 

4.7 

13.8 

15 

340 



Case 1, male 5 months, St. Louis Children’s Hospital; Case 2, male 5 months, 
Children’s Hospital of Philadelphia (Dr. Scott); Case 3, female 3 months. Univer- 
sity of Oregon; one sibling well; Case 4, female 3 months. Children’s Hospital, New 
Orleans (Dr. Ordway); three siblings; one died with similar s 3 ’mptoms; Case 5, 
male 2| years, Presbyterian Hospital, New York (Dr. Sant’Agnese); normal fasting 
blood sugar; definite rise after epinephrine, but no rise in blood lactic acid; Case 6, 
female 13 months, St. Louis Children’s Hospital; fasting blood sugar 21 mg. per 
cent; accidental death; Case 7, female 2 years, University of Colorado (Dr. Al- 
way); normal blood sugar; slight rise after epinephrine. 

* Per 100 mg. per 1 hour at 30°. 
t Biopsy. 
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tjiics of generalized storage disease. It may also be noted in Table II 
that, though gl 5 ’-cogen of abnormal structure accumulates in the heart 
muscle, its concentration docs not reach the level found in subjects in 
which glj'cogen structure is normal and in which cardiac insufiicienej’' is 
prominent. 


SUMMARY 

Determination of the activity of the enzjTne amylo-1 , 6-glucosidase 
(debranching enzjmie) was carried out in skeletal and heart muscle of 
children. In two cases of generalized storage disease in ivhich the glyco- 
gens had abnormally short outer chains, no enzjmie actmty could be 
detected. Absence of this enzyme can explain the abnormal glycogen 
structure and the accumulation of glycogen in the tissues and supports 
the \dew that this is a distinct tjTje of glycogen storage disease. In heart 
and skeletal muscle obtained from three children with general storage dis- 
ease in which the glj'cogens had outer branches of normal length, glu- 
cosidase actmty was within the range found in children who did not have 
glycogenosis in two instances, while it was very low in the third. 

We wish to thank the phj'sicians on whose interest and cooperation 
this work depended. IMrs. MariljTi McCaman rendered valuable tech- 
nical assistance. 

Addendum — Tissues of two additional cases were analyzed while this paper was 
in print. In both infants the gl 3 'cogen had normal structure. 

Infant, Children’s Hospital of Philadelphia (Dr. Wagner). Glj'COgen content: 
heart 6.6, psoas 13.0, liver 6.2 per cent. Glucosidase activitj': heart 120, psoas 31 
units per 100 mg. of tissue. 

Infant, Kinderspital Zurich (Dr. Rossi). Gh'cogen content: heart 5.5, skeletal 
muscle 13.5, liver 10.6 per cent. Glucosidase activitj-: heart 72, skeletal muscle 86 
units per 100 mg. of tissue. 
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RESOLUTION OF FUNGAL CELLULASE BY ZONE 
ELECTROPHORESIS 

Bt gall LORENZ MILLER and ROBERT BLUM 

(From (he Pioneering Research Division, United States Army Quartermaster 
Research and Development Center, Kalich, Massachusetts) 

(Received for publication, April 13, 1955) 

Results of paper and column chromatography (1, 2) and paper electro- 
phoresis (3) of cmde preparations of fungal cellulase have pointed toward 
the multiple nature of this sj-stem. Results of ultracentrifugation and 
moving boundary' electrophoresis of fractionated cellulase have, on the 
other hand, suggested its unienzjTnatic nature (4). In the present studj'-, 
zone electrophoresis over extended distances has been utilized to pro^dde 
more critical data bearing on this question. The findings support the 
hj^jothesis of a multiple enzj’me sj’stem. 

Materials and Methods 

Enzyme Preparations — Cellulase solutions were prepared in about 25 liter 
lots bj' growing Myrothccinm verrucaria QM 460 on a 0.4 per cent suspen- 
sion of filter paper in 12 gallon carboj’S at room temperature for 2 weeks. 
The medium used was that of Reese, Siu, and Le\'inson (5). Aeration was 
provided at the rate of about 25 liters per minute. Special precautions 
were taken to avoid contamination. Changes in protein, activity, and pH 
in filtrates of a tj^ical culture during the incubation are sho'^vn in Fig. 1. 
It will be noted that the production of protein was parallel with that of 
activity. The unit of acti^'ity is defined later. 

Following filtration through cheese-cloth and clarification in a Sharpies 
centrifuge, the enz 3 'me-contaming medium was concentrated at 5° in a 
pressure ultrafilter (6), dialj'zed in collodion bags against distilled water 
until freed of salts, and lyophilized to yield the crude enzjmie preparations 
used for electrophoretic studies. The final recoverj^ of enzjTne acth'it 3 ' 
approached 80 per cent. On the average, the preparations contained equal 
amounts of protein and carboh 3 ’’drate, and the actirit 3 ' was about 24 units 
per mg. of total solids. The carboh 3 ^drate was fovmd by chromatographic 
tests to contain mannose and galactose but no glucose.* Its origin is 
unknown. 

Zone Electrophoresis — ^Zone electrophoresis was carried out with potato 

' The chromatographic tests were made by Dr. Elwjii T. Reese and Mr. William 
Gilligan. 
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Starch^ as the supporting medium in an apparatus similar to that of Kunkel 
and Slater (7). The starch block was favored over paper electrophoresis 
because of the smaller likelihood of adsorption and of hydrolytic action of 
the enzyme on the starch. pH changes at the electrodes were avoided by 
circulating the contents of ihe oulsido electrode vessels with the aid of a 
pump,® the fluid being drawn from the cathode vessel into the anode vessel 
and then allowed to return by v’ay of a siphon. To prevent accumulation 
in the siphon of gas from the electrodes, the siphon was mounted as an 
inverted V, at the top of which a tube was attached for collecting the gas. 



Fig. 1. Production of protein and cellulase and changes in pH in filtrates of M, 
verrucaria growing on cellulose. 

The mns were made at 5° in buffers of 0.05 ionic strength, prmcipally 
in sodium phosphate at pH 7. The starting sample, amounting to 100 mg. 
of cmde enzyme in 2 ml. of buffer, was introduced into a 4 cm. slit cut 
crosswise in a 50 X 10 X 1.3 cm. block of the starch. The slit Avas located 
near the anode end of the block to compensate for the electroosmotic flow 
of buffer solution toAvard the cathode. 

Quantitative recovery AA^as sacrificed for improved resolution of the com- 
ponents by discarding strips 2 cm. AAude from each of the long sides of the 
block at the completion of each run. This procedure reduced the over- 

2 Chromatographic potato starch sold by the Amend Drug and Chemical Com- 
pany, Inc., New York, was found to be more satisfactory than certain other com- 
mercial preparations tested because of its low content of soluble reducing sugar. 
The starch was not washed before use. 

3 A pump sold by Sigmamotor, Inc., Middleport, New York, was found to be par- 
ticularly useful for this purpose, since it avoided direct contact of the fluid being 
pumped with the pump parts. 
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lapping that results from the obser\"ed curvature of the zones of the com- 
ponents. The remaining (center) strip of the block vas then cut crosswise 
into sections 1 cm. wide, each of which was extracted with 20 ml. of phos- 
phate buffer, 0.05 ionic, pH 7. Finallj'-, analj’ses for protein, carbohydrate, 
and actmty were made on suitable aliquots of the extracts. 

Aiialyses ^ — ^Protein concentrations were determined by the method of 
LovTy, Hosebrough, Farr, and Handall (S). Bovine plasma albumin was 
emplo 3 'ed as a standard. The results agreed with those obtained bj’’ the 
micro-Kjeldalil method (9). 

Carbohydrate analyses were carried out by the method of Rimington 
(10), with use of glucose as the standard. 

Enzj'me activities were determined as “Cx units” b}' the method of 
Reese and coworkers (1, 2, 5). The term Cx is used (5) to designate the 
particular enz\-me S3'stem which h3''drol3’zes the l,4-j8-glucosidic hnkage as 
found in cellulose and as measured b 3 ’’ the amount of reduemg sugars ob- 
tained b 3 ’’ enz 3 Tnatic h 3 'drol 3 ’’sis of carbox 3 Tnethyl cellulose. The Cx unit 
is defined (2) as the amount of enz 3 mie in 10 ml. of assa 3 ’’ medium (0.5 per 
cent Hercules carbox 3 Tneth 3 d cellulose No. 50T in 0.05 m citrate at pH 5.4) 
required to give a reducing value as glucose of 0.40 mg. per ml. in an hour 
at 50°. 


Results 

Electrophoretic patterns of indhidual preparations of crude enz 3 Tne 
were found to be comparable in the number and relative positions of ob- 
served active components. It appeared justified, therefore, to pool all of 
the preparations in order to have available a larger, more completely uni- 
form stock of the enz 3 Tne. 

Results obtained with the pooled enzyme, when this was subjected to 
electrophoresis in phosphate buffer at pH 7 for 42 hours at 400 volts, are 
presented in Fig. 2. The pattern of distribution of enzyme activit 3 ’' indi- 
cates the presence of at least eight distinct enzyme components, one of which 
was completely separated from the others. The pattern was closely con- 
firmed in a dupheate experiment. In control runs with plasma albumin 
and hemoglobin, it was found that migration under the conditions used 
with the enz 3 me was normal and undisturbed and, further, that complete 
resolution of the albumin and hemoglobin was readily obtained m tests 
with mixtures of the two proteins. 

It appeared that a more complete resolution of the enz 3 Tne components 
should be possible if the time of electrophoresis were extended stOl further. 
This was accomplished, vdthout lengthening the block, by making a run 
similar to the above, removing the anode section of the block up to and 

* Mr. Alfred Sunseri assisted with the analyses. 
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including Component I, shifting the remaining cathode end of the block 
toward the anode, and attaching a fresh starch block to the incomplete 
cathode end. After electrophoresis was continued for an additional 40 
hours at 400 volts, the distribution of components was that shown in Fig. 
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Fig. 2. Distribution of piotein, carbohydrate, and activil}' in zone electropho- 
resis of crude cellulase at pH 7 for 42 hours at 400 volts. 



~ FRACTION number + 

Fig. 3. Distribution of protein, carboh 3 "drate, and activity in zone electrophoresis 
of crude cellulase at pH 7 for 40 hours at 400 volts, following preliminary electro- 
phoresis at pH 7 for 42 hours at 400 volts and removal of Component I contained in 
anode end of block. 

3. Here it may be noted that Components VII and VIII have now been 
practically completely separated from the others. The presence of Com- 
ponent I in the anode section removed earlier in the run is shown by the 
distribution pattern of Fig. 4. 

Further electrophoretic studies showed that the resolution of the com- 
ponents was not improved when tested in Veronal and in glycine-NaOH 
buffers at pH levels up to 10, and that it was much poorer when tested in 
acetate and in glycine-HCl buffers at pH levels down to 3. The distribu- 
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tion of protein and carboliydrate af pll 3 (Fig. 5) was of particular sig- 
nificance, however, in that it demonstrated that only a fraction of the total 
protein in the.se preparations, and probably none of the carbohj^drate, was 
associated with cellulase activity. 



Fig. 4. Distribution of protein, carbohydrate, and acti\'ity in anode end of block 
after zone electrophoresis .at pH 7 for 40 hours at 400 volts. 



I1WI»DL.*V -T 

Fig 0 . Distribution of protein, carbohjdrate, and activity in zone electrophoresis 
of crude cellulase at pH 3 for 12 hours at 400 volts 


The total lecoveries of protein, carbohydrate, and acti^'ity in tjiiical 
runs at different pH values are presented in the first part of Table I. Re- 
coveries in controls, in which various mixtures of enzynne, buffer, and 
starch were gently agitated overnight without being subjected to electro- 
phoresis, are also shown. The proportions of the enzyme, buffer, and 
starch in the controls were the same as those used in the extraction of the 
starch block sections. It may be seen from Table I that in the electro- 
phoresis mns the lecoi'eries of protem and actmty were somewhat low, 
while those of carbohydrate were quite high. 

The possibility of loss of protein and actmty due to adsorption on the 
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starcli appears to be ruled out by the fact that in the controls the recoveries 
of these factors were not lower in Ihe presence of starch than in its absence. 
The losses were, therefore, undoubtedly largely the result of discarding the 
2 cm. strips from the sides of the blocks, as mentioned earlier, although in 
the runs at pH 3 the apparent loss in protein is partially attributable to an 
effect of glycine buffer of pH 3 on the analyses. The greater losses in ac- 
tivity in nms at pH 3 and pH 10 than at pH 7 may be attributed to in- 
activation, as demonstrated by the controls and as would be expected from 
previous work (11, 12). The fact that al pH 7 ihe recovery of activity 


Tabi.u I 

Per Cent Recovery of Protein, Carbohydrate, and Activity in Electrophoresis 

Runs a7td in Controls 


Descriplion of test 

Protein 

Carbohydrate 

Activity 

Electrophoresis run, pH 3 

74 

160 

25 

t( (( <( y 

79 

152 

38 

“ “ "10 

80 

153 

27 

Control, enzyme + buffer -f st.Trcli, pll 3. 

GO 

223 

65 

" “ -1- " -}- " " 7 

103 

269 

109 

“ “ -f- “ -f “ " 10 

97 

171 

71 

" " + “ pH 3 . 

70 

91 

77 

" " -f " " 7 . . 

90 

108 

94 

" " + “ " 10 . . 

91 

97 

9 

" buffer -f starch, pH 3 


14-* 


H K( ^ (t *‘7 


24-^ 


" " + “ “ 10 


IS* 



* These values are calculated on the basis of the amount of carbohj'drate which 
would have been contributed by the enzyme used in the other controls had the en- 
zyme been present without acting on the starch. 


was lower than that of protein may be explained bj'’ a synergistic effect (2), 
whereby the different enzymes can show less activity when separated from 
one another than when in mixtures. 

The results of the controls of starch plus buffer show that the high carbo- 
hydrate values obtained in the electrophoresis nms could have been onl}'^ 
partially due to the presence of soluble reducing sugars in the starch used 
as the supporting medium. It may be concluded, therefore, that the high 
carbohydrate values must have been due primarily to the presence of 
am 3 dase in the preparations. 

DISCUSSION 

The observed separation of active enzj'^me components does not appear 
to be the result of disturbances such as convection during electrophoresis, 
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since the conditions M’cro found to he entirely suitable when knoMTi pro- 
teins were tested. The findiiips lend .stroiiR support, therefore, to the 
hj'pothesis of the multiple nature of the ccllulase system. 

The most iirobablc reason for the reported failure to demonstrate mul- 
tiple components by moving boundary electrophoresis (4) is the use of too 
.‘^hort distances of migration. The spread of the enzj’ine reported M*ith the 
moving boundan.* method was onl}' about one-fortieth that attained M'ith 
the starch block. Less likely is the possibility that the single component 
re.sultcd from a difTercncc in conditions under which the enz}Tue M'as elabo- 
rated b}' the fungus. .Also less likel}' is the possibility of fractionation of 
the enzjmic during the purification steps, since there appears to be no 
reason to expect that the particular precipitating agents used should suc- 
ceed in efiecting a sharp separation of closely related enz 3 ’me proteins. 

Final proof for the multiplicit}’’ of cnziTiies in the cellulase system must 
await their complete separation from one another and from inactive con- 
taminants. Tlic use of zone electrophoresis, particular!}' preparative de- 
signs (13-15), is clcarlj' indicated for this purpose, although it will probablj' 
need to be supplemented by chromatographic (2, 3, 16), precipitation (4), 
and other methods. Comparison of the isolated enzjTne components with 
respect to acti\'ity per unit weight, .substrate .specificitj', phj'sical prop- 
erties, amino acid composition, and other properties will be of particular 
interest and importance. 


SUinL\RY 

Zone electrophoresis of crude fungal cellulase over extended distances 
has indicated the multiple nature of the enzyme sj'stem. 
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THE METABOLISM OF MUCOPOLYSACCHARIDES 
IN .VNIMALS 

III. FURTHER STUDIES ON SKIN UTILIZING C‘^-GLUCOSE, 
C'<-ACETATE, AND S’^-SODIUM SUI F.VTE* 

By SARA SCHILLER, MARTIN B. M.\THEWS,t JOSEPH A. 

CIFONELLI, .\ND ALBERT DORFMAN 

{From La Rahida Jachson Park Sanitarium and the Departments of Pediatries 
and Biochcmistrij, Vnirersity of Chicago, Chicago, Illinois) 

(Received for publication, May 9, 1955) 

A method for the isolation of an analidicall}' pure hj'aluronic acid (HA) 
and chondroitinsulfuric acid (CSA) fraction from the skin of rabbits has 
been described (1). The method was applied to a studj’’ of the half life 
times from decay curves after the injection of C‘^-labeled acetate (2). 
The half life times for HA and for CSA in the skin of rabbits were found to 
be 1.9 and 7 da3's, respect ivel}'. 

In experiments utilizing C‘^-labeled acetate, most of the radioacthdtj^ 
in the HA and CSA fractions was found in the ACacetjd component (2). 
It is conceivable that this portion of the molecule turns over at a different 
rate from the others. It was of interest, therefore, to stud}' the half life 
times of the skin mucopol3'saccharidcs utilizing precursors of other portions 
of the molecule. Since it appeared desirable to obtain information con- 
cerning the metabolism of mucopol3'saccharides in species other than the 
rabbit, some experiments were performed on the rat. Anal3'tical data for 
the HA and CSA from the skin of rats are comparable* to those preydousl}’’ 
obtained for these substances isolated from the skin of rabbits (1). 

Prey-ious studies have shovm that glucose serves as a precursor for the 
glucosamine (3, 4) and the glucuronic acid (5) portions of the HA s}"!!- 
thesized b}’’ a group A streptococcus, and also as a precursor for glucosa- 
mine in the serum of rats (6). That inorganic sulfate is incorporated into 
the CSA of skin has also been demonstrated (7). C'LIabeled acetate or 
glucose was, therefore, administered simultaneous!}' with Na2S^®04 to 
rats and rabbits. The re.sults indicate that, in the HA molecule, the 
glucosamuie and jV-acet}'! components turn over at the same rate. In 
the CSA molecule, galactosamine, A'’-acetyl, and sulfate are also metabo- 
lized at the same rate, but more slowl}' than the moieties of HA. 

* This investigation was aided by grants from the National Heart Institute, 
United States Public Health Service, the Lasdon Foundation, and the Variety Club 
of Illinois. 

■[• Established Investigator of the American Heart Association. 

‘ Mathews, M. B., Schiller, S., and Dorfman, A., unpublished results. 
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EXPERIMENTAL 

Animals and Materials — The animals were maintained on Rockland 
chow and were allowed food and water ad libitum throughout the experi- 
mental period. The injection schedules were identical for both groups of 
experiments, the total radioactive material being administered subcutane- 
ously in three injections, once every 4 hours. 

In the first experiment adult male rabbits of the Swift strain, weighing 
between 2.5 and 3.2 kilos, were used. Each of eight rabbits received 49 
fxc. of C*"* uniformly labeled glucose and 1.2 me. of Na 2 S ^®04 as an isotonic 
mixture of the two substances. One pair of rabbits was sacrificed 16 
hours after the last injection. The remaining six rabbits were killed in 
pairs, 4, 8, and 16 days after the first injection. 

60 adult male rats of the Sprague-Dawley strain were used in the second 
experiment. Each rat was injected with 57 juc. of C^^-carboxyl-labeled 
acetate and 15 /xc. of Na 2 S ^®04 as an isotonic mixture. The animals were 
sacrificed in groups of twelve at 1, 3, 5, 9, and 17 days after the first injec- 
tion. Each group weighed between 3.0 and 3.9 kilos. 

Uniformly Labeled Glucose — The radioactive glucose was prepared 
from a sample of C“ uniformly labeled sucrose^ which had a radioacti\dty 
of 218 /xc. per gm. The sucrose was hydrolyzed with 0.1 n H2SO4 and, 
after neutralizing with BaCOs, the glucose was isolated from the hydroly- 
sate by chromatography on a column of powdered cellulose with n-butanol- 
ethanol- water (10:3:6) as developing agent. 

Methods 

The HA and CSA fractions were isolated from the skin by a method 
described in a previous publication (1). 

The hexosamines were isolated from HA and CSA by a modification of 
the method of Gardell (8), as described bj’’ Dorfman et al. (9). 

The separated polysaccharides and their respective hexosamines were 
oxidized to CO 2 and the counted as BaCOs in an internal gas flow 
counter, corrected to “infinite thickness.” A silver vdre was used in the 
combustion tube filling to assure the complete removal of the S®® during 
the oxidation of the CSA. Appropriate control experiments showed no 
contamination of C^'* samples with S®®. 

The radioactivity of the S®® in the CSA fractions was counted as BaS04, 
corrected to “infinite thickness.” Precipitation of the BaS 04 was carried 
out after hydrolysis of the sulfated polysaccharide with 4 N HCl for 8 hours 
and dilution with 0.03 to 0.04 mmole of inactive sulfate. 

2 We are grateful to Dr. Norbert J. Scully of the Argonne National Laboratory 
for the uniformly labeled sucrose used in these experiments. 
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Rcsidts 

A plot of the C'^ of the HA and GSA fractions of the skin at various time 
intervals after the simultaneous injection of C“ uniformly labeled glucose 



Fig. 1. A plot of the C‘< of the HA and CSA of the skin of rabbits (corrected for 
body weight) injected with C'*-glucose and Na-S’^Oi. Zero day on the abscissa indi- 
cates the time of the last injection. The ordinate represents the log of the radioac- 
tivit 3 - in counts per minute, corrected to “infinite thickness." Ma.ximal radioac- 
tmtj' was obtained bj’ extrapolation, as described in the text. 

Table I 

Comparison of Half Life Times of Skin Mvcopolysaccharides and Some 
of Their Components 


The figures represent daj's. 


Species 

H>’aIuron!C acid (HA) 

1 Chondroitinsulfuric add (CSA) 

L __ 



; Glucos- 
amine 

1 

C'^eSA 

1 

A'-Acet>*l j 

Galactos- j 
amine 1 

so 

After C”-acetate and Na;S’®0< 

Rabbits* ! 

Rat 

2.4 1 

4.5 1 

2.7 


7.6 1 

8.1 

5.3 (?) 

1 

1 


10.7 

After C”-glucose and Na:S ’'04 

Rabbit 

3.7 


3.4 

7.7 


7.4 

10.0 


* The data from this experiment have been published (2) and are used here for 
comparative purposes. 
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and Na 2 S ®®04 to rabbits is given in Fig. 1. It was apparent that the 
16 hour interval permitted before sacrifice of the first group of animals 
was not sufficient to obtain maximal labeling. This interval had been 
found adequate in previous experiments following acetate administration. 
The difference is probably due to the slower absorption of glucose. The 



Fio. 2 ■ Fig. 3 

Fig. 2. A semilogaritlimic plot of the C‘* of glucosamine compared with that of 
the HA isolated from the skin of rabbits injected with C'Lgiucose and NasS^'O^. 
The data are plotted by a line of best fit calculated by the method of least squares 
from the values obtained at 3, 7, and 15 days. The values for maximal labeling were 
obtained by e.xtending the line to the ordinate. The C” was measured as BaCOj, 
corrected to “infinite thickness." 

Fig. 3. A comparison of the decay curves for the of galactosamine and CSA 
and for the of the CSA isolated from the skin of rabbits injected with C‘^-glucose 
and Na 2 S’® 04 . The data are plotted by a line of best fit calculated by the method of 
least squares from the values obtained at 3, 7, and 15 daj^s. The values for maximal 
labeling were obtained by extrapolating to zero time. The C^'* and the were 
measured as BaCOa and BaSO^, respectively, corrected to “infinite thickness.” 

activity at the time of maximal labeling, therefore, was obtained from the in- 
tersection of the uptake curve and the decay curve. Despite the departure 
from linearity, the data depicted in Fig. 1 demonstrate that the is 
lost from the HA more rapidly than from the CSA. The half life times, 
as calculated from the line of best fit, are 3.7 days for HA and 7.7 days for 
CSA (Table I). 

The hexosamines isolated from hydrolysates of the HA and CSA frac- 
tions contained approximately the same C*^ concentration as the whole 
molecule at each time interval. This is demonstrated in Figs. 2 and 3, 


CPM 
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where the radioactivity of the amino sugars is compared with that of the 
respective acid mucopolysaccharides when the data are plotted by a line 
calculated by the method of least squares. 

A close parallelism was found between the rates of CSA deca}' as deter- 
mined by S” and bj' C‘^ (Fig. 3). The half life time of the CSA calculated 
from the cuiwes was found to be 7.7 and 10.0 daj’s, respectivelj’-, on the 
basis of the C*^ and decay rates (Table I). 

The results in rats which received C*^-carbox 3 'l-labeled acetate (Fig. 4) 
were similar to those found in rabbits. Furthermore, no essential differ- 



Fig. 4. A semilogarithmic plot of the C“ of the HA and CSA and of the S’® of the 
CSA isolated from the skin of rats injected with C”-carboxyl-labeled acetate and 
Na;S”0<. Each point represents the value obtained from a pool of twelve rat 
skins. The data are plotted by the method of least squares. The C‘‘ and the 
S’® were measured as BaCO, and BaSO<, respectively, corrected to “infinite thick- 
ness.” 

ence was demonstrable in the half life times of the skin HA and CSA of 
rats after the simultaneous administration of C“-acetate and Na 2 S ^®04 as 
compared with the skin mucopolysaccharides of rabbits after C*^-glucose 
plus Na 2 S ’®04 administration (Table I). 

Disctrssiox 

The values of 3.7 and 7.7 daj’'s obtained for the half life times of the 
HA and the CSA, respectively, from the skin of rabbits injected with 
C*^ umfonnly labeled glucose are in close agreement with our previous 
finding in animals injected with C‘^-labeled acetate (2). The half life 
times reported in the earlier paper were estimated graphically from a line 
drawn through the experimental points as the time when half the maximal 
radioactivity was attained. For purposes of comparison, a line of best 
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fit ^vas calculated for the lirst three points of the cleca}'- curve so that the 
half life times of the tvm mueopol3^saccharides and their iV-acetyl compo- 
nent could be compared with the data obtained in the present study (Table 
I). The somewhat lower value for the half life time of the iV-acetyl as 
compared with that of the CSA may have been due to a high dilution with 
carrier sodium acetate and to the low counts above background. 

The rates of mucopolysaccharide synthesis in the skin of the rat appear 
to be similar to those in the skin of the rabbit. The half life times of 10.0 
da3'’S (rabbit) and 10.7 da3"s (rat) found for the skin CSA as determined 
by agrees with the value of 8 to 9 days obtained b3’’ Bostrom and Gardell 
( 7 ) for this fraction in the skin of rats injected with Na2S^®04. 

The interpretation of the data on the CSA fraction is proposed with 
reservation, since the CSA as isolated in its present form appears to be a 
mixture of sulfated polysaccharides ( 1 ), each of which may have entirely 
different rates of synthesis. Two components of rabbit skin CSA have 
been separated by alcohol fractionation.^ One of these components is 
readily attacked by testicular hyaluronidase while the other is unaffected 
by the enzyme. Fractionation of the radioactive CSA samples obtained 
in the present experiments was not attempted because of insufficient 
material. 

In our experiments A^'ith C“ unifoi'mly labeled glucose the radioactivity 
of the CO2 liberated b3’' decarbox3dation of the uronic acid was too low for 
accurate counting. However, since the C*'’ concentration of the whole 
molecule and that of the hexosamines Avere identical, we can infer that 
the C^^ concentration of the uronic acid was likewise identical. 

SUMMARY 

1 . The rates of mucopolysaccharide synthesis were determined in the 
skin of rabbits injected simultaneously with C*'’ uniformly labeled glucose 
and Na2S^^04, and were found to agree with those of rats similarl3’' in- 
jected with C”-carboxyl-labeled acetate and Na2S®^04. 

2 . From the half life times it rvould appear that the glucosamine and 
A^-acet3d moieties of the hyaluronic acid in the skin of rabbits turn over 
at the same rate. While the components of the chondroitinsulfuric acid 
fraction are metabolized at a slower rate than those of the hyaluronic 
acid, they also appear to turn over at the same rate. 

The authors are indebted to Julio LudOAvieg, Frances Ludowieg, Kath- 
erine Dewey, and LaAvrence Goldfaber for technical assistance. - 
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Bt JESSE C. RABINOWITZt and H. A. BARKER 
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The isolation of two anaerobic bacteria, Clostridium acidi-urici and 
Clostridium cylindrosporum, capable of fermenting various purines was 
described by Barker and Beck in 1942 (1). The organisms were initially 
differentiated by their morphological characteristics. Ammonia, carbon 
dio.xide, and acetic acid were identified as products of the fermentation of 
uric acid, xanthine, h 5 'poxanthine, or guanine by C. aeidi-urid (2). Gly- 
cine was identified as an additional fermentation product formed bj" 
C. cylindrosporum (2), and considerable etddence was obtained which 
implicated glycine as an intermediate in the fermentation of purines hy 
C. acidi-urici. A close ph 3 'siological relationship between the two organ- 
isms was therefore evident. 

Karlsson and Barker (3) prepared C’ ‘-labeled samples of uric acid by 
feeding formate-C'‘, carbonate-C*‘, or glj'cine-C” to pigeons. The uric 
acid obtained in this manner, while not altogether specifically labeled, 
was used to determine the purine carbon sources of the carbon dioxide and 
acetic acid in the C. acidi-urici fermentation (4) . It was found that carbon 
dioxide was mainly derived from C-2-f 8 and C-4; the methjd of acetic 
acid from C-2-f8, C-5, and carbon dioxide; and the carboxyl of acetic 
acid from C-5, the methylene of glycine, and carbon dioxide. 

The present investigation was undertaken to determine the carbon and 
nitrogen sources of glycine in this fermentation. Since glj’'cine is accumu- 
lated as a fermentation product by C. cylindrosporum, it seemed desirable 
to use this organism, rather than C. acidi-urici, for these studies. During 
the course of the investigation, formic acid was identified as a product of 
the fermentation of guanine by C. cylindrosporum, and its carbon sources 

* This work was supported in part by research grants RG607 and 6N-2126F(C) 
from the United States Public Health Service and by a contract with the Atomic 
Energy Commission. 

t Public Health Service Fellow of the National Institutes of Health, 1951-53, 
Present address, Section on Enzymes and Cellular Biochemistry, National Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Marv- 
land. 
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together with those of the other products, carbon dioxide, glycine, and 
acetic acid, were also determined. 

Materials 

Guanine-2-C*^ was purchased from the Southern Research Institute. 
Guanine-4-C>^ was a gift of Dr. E. L. Bennett (5). Guanine-6-C'^ and 
guanine-8-C*^ were synthesized by Dr. R. G. Bartsch (5). Uric acid-5-G^ 
was the biosynthetic sample prepared by Karlsson and Barker (3). In a 
more recent determination by Dr. A. Weissbach and Dr, D. B. Sprinson of 
the distribution of in the sample (6), 70 per cent of the C^‘‘ was found 
in C-5 compared to 52 per cent previouslj’^ reported. Carbon atoms 2 and 
8 contained 27.5 per cent; C-6 contained 1.5 per cent and C-4 only 0.9 
per cent. Uric acid-7-N‘®, containing 0.12 atom per cent excess N’® and 
isolated from the urine of subjects fed glycine-N^®, was a gift of Dr. D. 
Stetten. C^Mabeled formic acid, methylene- or carboxyl-labeled glycine, 
and methyl of carboxyl-labeled acetic acid were synthetic materials. 
Xanthine-8-C^^ and xanthine-2-C*^ were prepared from the corresponding 
guanine-C^^ samples by treatment with nitrous acid (7). The product was 
purified by chromatography on paper in the isoamyl alcohol-phosphate 
system (pH 7) of Carter (8), and diluted with unlabeled xanthine. 

Methods 

Cidtures — Stock cultures of C. ci/Kndrosporiwi, strain HCl, and C. acidi- 
xirici, strain 9a, were grown as stabs on a medium of the following composi- 
tion, in mg. per 100 ml. (Medium 1): uric acid 150, MgS04-7H20 5, FeSO^*- 
7H2O 0.25, CaCl2-7H20 0.6, K2HP04-3H20 140, Difeo yeast extract 100, 
sodium thioglycolate 50, agar 2000, The medium was adjusted to pH 
7,4 to 7.6 with KOH, and a small amount of methylene blue was added. 
The tubes were sealed with pyrogallol-potassium carbonate and grown at 
37°. The cultures were stored at 4°. 

Tracer experiments were carried out on media of the following composi- 
tion, in mg. per 100 ml. (Medium 2): guanine 151, uric acid 16.8,^ Difeo 
yeast extract 25, sodium thioglycolate 50, CaS 04 0.6, FeS 04 - 7 H 20 0.25, 
K 2 HP 04 - 3 H 20 140, MgS 04 ' 7 H 20 5, sodium carbonate 1060. Phenol red 
was added as a pH indicator. The medium, Avithout carbonate, AA^as ad- 
justed to pH 7.4 to 7.6 and autoclaved in a 100 ml. volumetric flask. After 
cooling, the sodium carbonate Avas added as a sterile solution, and the 
medium Avas adjusted to pH 7.4 to 7.6 Avith a sterile solution of 1 n sulfuric 
acid and diluted to volume. Additional supplements AA^ere added in 

‘ The organism groAA-s much more slowly on guanine than on uric acid (9). A 
small amount of uric acid was therefore included in the medium to insure the rapid 
initiation of growth. 
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particular experiments indicated in the experimental section at the follow- 
ing levels, in mg. per 100 ml.: sodium acetate 410, sodium formate 340, or 
glycine 150. A 5 ml. aliquot was removed for determination of initial 
concentrations. The flask was then inoculated with 2 drops of a 16 to 
24 hour culture and made anaerobic with Oxsorbent (Burrell Corporation, 
Pittsburgh). The inoculated medium was incubated at 37° for 5 to 7 
days (a day or two longer than necessarj’^ for disappearance of the pre- 
cipitated uric acid). 

For preparation of cell-free extracts, the organism was grown on Medium 
1 without added agar. The cells were harA'ested by centrifugation, washed 
with cold 0.4 per cent KCl which had been pre\’iously boiled to remove 
dissolved oxj'gen, and lyophilized. The extract was prepared by incubat- 
ing 500 mg. of lyophilized cells with 20 ml. of 0.1 m potassium phosphate 
buffer, pH 7.0, 0.01 m with respect to cysteine in an evacuated vessel at 
35° for 1 hour. The incubation mixture was centrifuged at 0° and 25,000 X 
g for 10 minutes. To reduce ultraviolet-absorbing material, the extract 
was saturated -with ammonium sulfate and the precipitated protein was 
redissolved in 0.1 it buffer-0.01 it cysteine solution and stored in an evac- 
uated tube at —10°. 

Quaniiiaiive Determinations of Fermentation Products — Carbon dioxide 
was determined by the manometric method of Peters and ^'’an Slyke (10). 
Ammonia was steam-distilled from sodium tetraborate, collected in boric 
acid, and titrated with acid. Glycine was determined by the method of 
Alexander et al. (11). Formic and acetic acids were the only acids de- 
tected on silica gel column chromatography of the volatile acid fraction 
(12). These acids were determined by a modification of the method of 
Friedemaim (13). In this method, total steam volatile acids are deter- 
mined by titration, acetic acid is determined by Duclaux distillation from 
a mixture containing MgS 04 and HgSOi, and fonrdc acid is calculated as 
the difference between total steam-volatile acids and the amount of acetic 
acid found. The formation of formic acid among the fermentation prod- 
ucts was also demonstrated by the manometric method of Pirie (14) and 
the colorimetric method of Grant (15). However, the titrimetric method 
was found to be more convenient for routine analyses than either of the 
other two. The extent of purine decomposition was determined from 
measurements of the optical density of the fermented medium at 260 m/i. 

Isolation and Degradation of Fermentation Products — Carbon dioxide was 
liberated from an aliquot of the fermentation medium vdth concentrated 
lactic acid and was collected as barium carbonate with an evacuated 
diffusion apparatus (16). The barium carbonate was well washed with 
boiling water, suspended in 95 per cent ethanol, plated on aluminum disks, 
dried under an infra-red lamp, and weighed. The C'^ was determined with 
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a thin windoAA' Geiger counter, and the results were calculated to zero 
sample thickness. 

The remainder of the fermentation medium was centrifuged to remove 
cells and precipitated salts. Glycine (120 mg.) was added to the measured 
volume of medium to give an approximate 5-fold dilution of the glycine 
formed in the fermentation. The medium was made alkaline to phenol red 
with potassium hydroxide and evaporated to dryness on a steam table. 
The residue was suspended in 10 to 15 ml. of water, adjusted to pH <1.0 
with sulfuric acid, and steam-distilled, the volatile acids being collected 
in 500 ml. of distillate. After neutralization with sodium h 3 '-droxide, 
this fraction was concentrated on a steam bath and diluted to 25 ml. 
The non-volatile fraction was recovered for isolation of glycine. 

Formic acid was degraded to carbon dioxide by heating it with mercuric 
sulfate and was collected as barium carbonate. The reaction was carried 
out in a diffusion apparatus placed in an Arnold steamer for 30 minutes. 

Acetic acid was distilled from the remainder of the volatile acid fraction 
after it had been treated with mercuric sulfate to destroy the formic acid 
present. The acetic acid was degraded bj’’ pyrclj’^sis of the barium salt 
(17). 

Glycine was recovered from the non-volatile fraction after reaction 
with benzoyl chloride and recrystallization of the resultant hippuric acid. 
In experiments with uric acid-N^® the hippuric acid was isolated after 
chromatography on a silica gel column described for the separation of 
volatile acids (12). 

Glycine, obtained on alkaline hydrolysis of the hippuric acid, was de- 
graded to carbon dioxide and formaldehyde bj'' treatment with ninhydrin 
in a diffusion apparatus. FormaIdeh 3 '^de was oxidized to formic acid and 
then to carbon dioxide, as described by Sakami (18), The content of 
the guanine used was determined directly on samples weighing less than 
1 mg. was estimated by means of a Consolidated-Nier mass spectrom- 
eter by Dr. C. C. Delwiche and Dr. J. Weijler. 

Results 

Fermentatw?i Products and Balances — A sample of uric acid-5-C^^ and 
the four synthetic samples of guanine, each labeled with in a different 
atom, were fermented under the conditions described under “Methods.” 
Unlabeled guanine was also fermented in the presence of added pools of 
C^'*-labeled samples of the fermentation products. The fermentation 
balances are given in Table I. The C” recovered in each product is re- 
ported in Table II. The average carbon, nitrogen, and recoveries in 
these thirteen fermentations were 93.4 d= 2.2,^ 93.4 d= 1.2, and 95,4 zt 2.9 


* Standard deviation. 
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per cent, respectively. The fermentation of guanine by C. cylindrosporimi 
maj' be summarized by the following equation, based upon the average 
recover^' of products obtained in Experiments 1 and 7 to 10. 

1 guanine — > 4.S .ammonia + 2.S CO; + 0.33 glycine 

+ 0.99 formic acid + 0.38 acetic acid 

Fermentations carried out in the presence of pools of formic acid (Experi- 
ment 2) or glycine (Experiments 5 and 6) did not differ significantly 
(Table I). However, in the presence of a pool of acetic acid (Experiments 
3 and 4), the formation of acetic acid appears to have been suppressed. 
The apparent utilization of acetate in Experiment 3 is probabl 3 ’’ an error, 
since no appreciable amount of C'^ was recovered in other products. The 
same products are formed from uric acid and from guanine b}’’ this organ- 
ism (Experiment 11). However, the jdelds of formic acid and glj^cine 
from uric acid are onlj’’ about half of those from guanine. 

The fermentation of guanine by C. acidi-nrzci was determined in Experi- 
ments 12 and 13. A pool of added glycine was present during the fermen- 
tation. Under these conditions, glj'cine is partiall}’- utilized by this 
organism. The major volatile acid accumulated is acetic acid, and onl}’’ 
small amounts of formic acid could be detected. 

Purine Fermentations in Presence of C^*-Laheled Products — The dis- 
tribution of among each of the product carbon atoms during a fermen- 
tation and the per cent of the administered recovered in each of the 
carbon atoms of the products is given in Table II. 

The utilization of carbon dioxide was determined in Experiment 1. 
The fermentation was carried out in the presence of 3.2 times as much 
carbon dioxide as was formed from the fermented substrates, and the 
specific actmty of the final carbon dioxide was 0.85 times that initiallj’’ 
present. An extensive conversion of carbon dioxide to formic acid was 
observed. This reaction complicated the interpretation of the results. 
Experiments (Table III) were designed to determine whether the effects of 
this interconversion could be minimized by using shorter incubation times. 
However, it was found that the ratio of in carbon dioxide and formic 
acid is almost constant at 28, 32, or 180 hours, when 59, 74, or 100 per 
cent, respectively, of guanine-8-C‘^ had been fermented. It was possible 
to obtain extracts of the organism which decomposed xanthine but were 
free of formic dehydrogenase, the enz 3 Tne probably responsible for the 
observ'ed interconversion of formic acid and carbon dioxide. The results 
obtained vlth such an extract will be discussed in a later section. Acetic 
acid and glycine were both labeled by the carbon dioxide. The methjd 
of acetic acid had 5.2 times the acthdty of the carboxyl group, which is in 
good agreement with the value of 5.8 found for this ratio bj' Barker and 
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Elsden (19) with C. cylinclrosponmi, and contrasts with the value of 1.0 
reported for C. acidi-Krici by Karlsson and Barker (4). The carbon 
dioxide incorporated into glycine was found exclusively in the carboxyl 
group, in agreement with results alreadj’- reported (19). 

Table I 
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The fermentation media contained, per ml., lOjumoIes of guanine, 1 /imole of uric 
acid (see foot-note 1), the indicated amount of carbonate, salts, 3mast extract, and 
indicators as described under “Methods.” Additional supplements were added to 
give the following initial concentrations per ml.: E.xperiment 2, 47.9 /jmoles of for- 
mate; Experiments 3 and 4, 50.9 and 50.1 /umoles, respectively, of acetate. Glycine 
was added in Experiments 5, 6, 12, and 13 to give the initial concentrations indicated. 
The initial concentration of ammonia, formate, and acetate was also determined in 
each experiment and was found to be negligible except when intentionally added as 
noted. The only substrate added in Experiment 11 was 10 ^nmoles of uric acid. 

C. acidi-urici was used in these e.xperiments; in all others, C. cylindrosporum. 

The utilization of formic acid was determined in Experiment 2 (Table 
II). Although 4.4 times the amount of formic acid formed was added at 
the beginning to the fermentation, the specific activity of the final formic 
acid recovered was only 0,48 times that originally present. The carbon 
dioxide was highly labeled, probably through the action of the formic 
dehydrogenase. The methyl carbon of acetic acid was also labeled and 
had 9.2 times the activity of the carboxyl carbon. Only small amounts of 
appeared in glj'-cine. 
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domination during tho pyrolysis (14). 
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Acetic acid Avas not metabolized significantly, as shoAvn in Experiments 
3 and 4. 

Experiments 5 and 6 were carried out in the presence of glycine-C’^ 
The recovery of C*'* Avas Ioav in both these fermentations, particularly 
AAuth carboxyl-labeled glycine. Considerable amounts of v’ere found 
in the carbon dioxide formed in the fermeiAtation of guanine in the presence 
of glj^cine-l-C'^ (Experiment 5). The amounts of C'' found in formate or 
acetate AA^ere relatively small. In contrast to the carboxyl of glycine, the 
methjdene carbon of gl3’’cine AA^as coiiAmrted to acetic acid to a significant 
extent (Experiment G). The ratio of activity of the carboxyl to that of 
the methyl group AA’as 3, the same A'-alue obseiwed in a similar experiment 
Avith C. acidi-urici (4). The activity found in carbon dioxide and formate 
in Experiment 6 was small, but the fact that formic acid has a higher specific 


Table III 

Fermentation of Guanine-8-C^* 


1 

Experiment No, 

1 

Time, hrs. 

Per cent guanine 

Specific activity, 

c.p.m. pcr/imole 

Ratioof 
activities. 
HCOOH: CO: 

fermented 

COs 

HCOOH 

14* 

27.5 

59 

11.7 

80.2 

6.85 

14* 

31.5 

74 

14.0 

92.3 

6.60 

lOf 

180 

1 100 

4.3 

22.9 

5.32 


* Guanine-S-C*'*, 363 c.p.m. per /imole. 
t Guanine-8-C’^, 82.6 c.p.m. per /xmole. 


activity than carbon dioxide indicates that the methylene group of glycine 
is converted to formic acid without going through carbon dioxide. 

Fermeniaiion of C^^-Purines — Experiments 7 through 11 (Table II) 
report the results obtained in the fermentation of the various C*^-purines 
by C. cylindrosporum. It was found that most of the of each of the 
labeled substrates fermented aa^s recovered as carbon dioxide. HoAA'eA'^er, 
examination of the specific activity of the different carbon atoms of the 
products discloses the varied fates of the purine carbon atoms. 

The products with the highest specific activity formed from C-2 of 
guanine (Experiment 7) Avere carbon dioxide, formic acid, and the carboxyl 
carbon of glycine. The final specific activity of the last two products is 
greater than that of carbon dioxide and indicates that formic acid and the 
carboxyl carbon of glycine are not formed via carbon dioxide. The acetic 
acid formed is labeled mainly in the methyl carbon, and its labeling is 
similar to that observed in Experiment 1 with C*^02. 

Starting with guanine-4-Cl^ the carboxyl of glycine has the highest 
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specific activity, as sho\\ii by Experiment S. Carbon dioxide, formic acid, 
and the niethj'l of acetic acid vere also labeled. 

The product with the highest specific acti\’ity formed in the fermenta- 
tion of guanine-6-C'* was carbon dioxide (Experiment 9). Only small 
amounts appeared in the other products, but the specific actmties of the 
carboxj’l of glycine and of formic acid were about half of that of the carbon 
dioxide. 

Formic acid and the methyl group of acetic acid had the highest specific 
acthdtj’ of the products formed from guanine-8-C'^ (Experiment 10). 

C-5 of uric acid (Experiment 11) gave rise to doubly labeled acetic 
acid and methylene-labeled glycine of hi^ specific actmty. The ratio of 
C'^ in the methjdene to that in the carboxyl of acetic acid was 0.45, com- 
pared to a value of 0.39 reported by Karlsson and Barker (4) for this value 
in a similar e.xperiment with C. acidi-urici. Less of C-5 was converted to 
carbon dioxide than any other purine carbon atom. 

The results obtained in the fermentation of guanine-4-C** and guanine- 
6-C‘* bj"- C. acidi-urici are given in Experiments 12 and 13. By analogy 
with the results obtained vith C. cylindrosponm in Experiment 8, position 
4 was expected to form the carboxyl of glj'cine. Although the specific 
activity of the glycine isolated was low, owing to its dilution by a pool of 
glycine added to trap the glycine formed, 13.4 per cent of guanine-4-C“ 
was converted to the carbox}! of glycine, a value somewhat higher than 
that observed in the fermentation of guanine-4-C*^ by C. cylindrosporum. 
The results obtained in the fermentation of guanine-fi-C^^ by C. acidi-urici 
(Experiment 13) are veiy similar to those obtained with C. cylindrosporum 
(Experiment 9) and indicate that position 6 is converted m ainl y to carbon 
dioxide by both organisms. 

Xanihine-C^^ Degradation by Cell Extracts — ^Determination of the sources 
of carbon dioxide and formic acid in these fermentations, particularly in 
relation to C-2 and C-8 of purine, was complicated because of the presence 
of a formic dehydrogenase in the cells, which interconverts these two 
products (9). A cell extract has been prepared as described under “Meth- 
ods” which degrades xanthine and is free of formic dehj'drogenase (9). 
TliTien a sample of xanthine-2-C'^ with an activity of 481 c.p.m. per pmole 
was degraded by the extract, the specific activity of the carbon dioxide 
formed was 0.41 c.p.m. per pmole, while that of the formic acid formed was 
324 c.p.m. per fimole. With xanthine-8-C^^ having an initial activity of 
880 c.p.m. per /imole, the carbon dioxide formed has an activity of 590 
c.p.m. per ;imole, while the activity of the formic acid was only 4,0 c.p.m. 
per fiinole. The results show that C-8 is converted to formic acid and 
that C-2 is converted to carbon dioxide by this preparation. 

Fermentation of Uric Acid-7-N ^^ — The fate of N-7 of the purine was 
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determined in an experiment in wliich uric acid-7-N'® was fermented by 
C. cylindrosporian (Table IV). The fermentation was carried out in the 
presence of a pool of unlabeled ammonia. Only 0.14 /imole of glycine was 
formed per micromole of uric acid fermented, but its isotope concentration 
was equal to that of the N-7 of the fermented uric acid, demonstrating 
that the N of gljmine is derived entirely from the N-7 position of uric 
acid. The found in the ammonia is due to conversion of part of the 
N-7 of uric acid to this product rather than to non-specific labeling in the 
uric acid used. 


Table IV 

Glycine Formation from Uric Acid-7-N^* 


Compound 

Concentration 

Nis 

Initial 

Final 

Uric acid N-7 

ixmoles per ml. 

10.0 

fimoles per ml. 

<0.2 

atom per cent excess 

0.37* 

" “ N(l-f3-f9) 

0.033* 

Ammonia 

41.2 

79.0 

0.052 

Glycine 

0.0 

1.39 

0.39 



These values were calculated from the experimental value of 0.12 atom per cent 
excess of N*® found for the uric acid. The calculations are based on the results re- 
ported by Shemin and Rittenberg (20) . 


DISCUSSION 

In the previous experiment ivith C. acidi-urici, Karlsson and Barker 
(4) were able to calculate the per cent of each product carbon atom arising 
from specific purine carbon atoms of the fermented substrate, from carbon 
dioxide, and from glycine. The calculations were complicated by the 
use of biosynthetic samples of purines which were not specifically labeled. 
This difficulty has been overcome in the experiments reported here through 
the use of synthetic substrates which were specifically labeled with C‘^ 
in a single carbon atom. The fermentations have been carried out under 
essentially the same experimental conditions, and the extent of redis- 
tribution of among the fermentation products was determined. It is 
therefore possible to calculate the sources of the carbon atoms of the 
products formed in the purine fermentation carried out by C. cylindro- 
sporum. 

F, the per cent of a product derived from a particular substrate atom, 
can be determined from the specific activity of the designated substrate 
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atom, s, and the specific activity of the product carbon atom, p, by the 
following relation. 


F = (p/s) X 100 

However, p must be corrected for C‘* entering the product from other 
sources and for dilution of the labeled product bj' unlabeled material 
added to the medium. If the specific activitj- of a second source, s', is 
higher than p and the per cent contribution from the second source, g, is 
kno\\ni, then F maj' be calculated from the followhig equation, 

F = ^ ~ X d X 100 

where d is the dilution factor or the ratio of final concentration to the 
concentration that would have been present if none of the compovmd had 
been added. This factor is only of significance in calculating the sources 
of carbon dioxide, when a relatively large pool of this compound was 
added to the fermentation medium. 

Examples of the calculations used have been proAuded bj^ Karlsson and 
Barker (4). Although it is not necessarj' to make corrections for the 
contribution due to non-specific labeling of the purine molecule m the 
experiments reported here, except in the fermentation of uric acid-o-C*'*, 
it is still necessarj^ to assume a A-alue for the specific acti\dty of secondary 
products, s', in order to calculate the contribution from such sources. This 
value has been estimated as the average value, (so + S/)/2, where So and 
Sf are the initial and final specific actmties of a product in a particular 
fermentation. Such corrections are, fortunately, usuallj’’ of minor im- 
portance. However, the conversion of carbon dioxide to formate, C-2 of 
acetic acid, and C-1 of glycine, or the contributions of formate to carbon 
dioxide and C-2 of acetic acid occur to a significant extent, and the cal- 
culated values obtained in these cases are less accurate. 

The results obtained for the source of each atom of the products, bj* the 
method described for the calculations, are shown in Table Y. Each 
vertical column should add up to 100 per cent. The deAuation from this 
A^alue is quite large Avith formate, but is Avithin 20 per cent of this A-alue 
Avith other products. The chief sources of carbon dioxide are C-2, C-4, 
and C-6 of the purine molecule. Formic acid is deriA’^ed chiefly from C-8 
and smaller amounts from carbon dioxide. The methjd of acetic acid is 
derived chiefly from C-5, AA-ith significant contributions from carbon dioxide 
and formic acid. The carboxyl group of acetic acid is deriA'ed mainl 3 ' from 
C-5, although significant amounts also arise from the methj'lene carbon of 
glj'cine. The methjdene of glj'cine arises almost entireh’’ from C-5, Avhile 
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the carboxyl of glycine is derived from C-4, with an unexpectedly large 
contribution from carbon dioxide. 

The degradation of the purine molecule by C. cylindrosporum bears a 
striking similarit}’- to the general scheme of purine biosynthesis (21). 
Thus, carbons 1 and 2 and nitrogen of gl^'^cine are converted to purine 
atoms 4, 5, and 7, respectively, and are formed from these same purine 
atoms in the fermentation, C-8 arises from formate in the biosynthesis 
and yields formate in the fermentation, while C-6 arises from carbon dioxide 

Table 

Source of Fermentation Produels 


Per cent of product carbon atoms derived from indicated source 


Source 

I 

COj 

HCOOH 

Acetic acid 

Glycine 

—COOH 

CHi— 

—COOH 

-CHi- 

Carbon dioxide 


28.6 

5.5 

24.3 

39.6 

0.0 

Formic acid 

10.2 


1.9 

19.7 

1.6 

1.9 

Acetate, — COOH 

0.0 

0.0 


0.0 

0.0 

0.0 

“ CH,— 

0.0 

0.0 

0.0 


0.0 

0.0 

Glycine, —COOH 

1.6 

1.3 

0.9 

0.3 


0.0 

“ — CHj- 

0.2 

1.2 

17.3 

6.5 

0.7 


Purine, C-2 

25.8 

^12.0 

0.0 

2.1 

12.9 

1.8 

“ C-4 

27.2 

3.1 

0.2 

2.0 

37.3 

2.0 

“ C-5 

7.4 

0.0 

83.1 

36.9 

2.2 

74.0 

" C-6 

35.3 

1.5 

0.0 

0.0 

2.3 

0.0 

“ C-8 

-6 to 

28-91 

2.5 

10.2 

0.6 

1.2 


-fll.6 






Total 

108-119 

76-139 

111 

102 

97 

81 


in the biosynthesis and yields carbon dioxide in the fermentation. C-2, 
which is formed from formate in the bios 5 mthesis of purines, is apparently 
converted to carbon dioxide in the fermentation. 

Results obtained with dried cell preparations suggest that these initial 
products formed in purine fermentation are further metabolized to yield 
carbon dioxide and acetic acid (22), as has also been suggested by Utter 
and Wood (23). The labeling of acetate observed in the experiments 
reported here is consistent with a mechanism in which a Ci fragment 
derived from the purine C-5 or C-8, carbon dioxide, or formate condenses 
with glycine derived from the purine atoms 4, 5, and 7 to form serine, 
which is converted to pyruvate and finally to acetate (22). In this process, 
C-4 is lost as carbon dioxide and the methyl of the acetic acid formed is 
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derived from the various Ci sources mentioned, while the carboxyl of the 
acetic acid is derived from purine C-5 or the methylene of glycine. Fur- 
ther evidence in support of such a mechanism is proxdded by the obseiwa- 
tions of Radin and Barker (22) in which dried cell preparations of C. 
acidi-nrici were sho\\ii to catalyze (1) the conversion of glj'cine to acetate, 
ammonia, and carbon dioxide, (2) the oxidative deamination of serine to 
pj'ruvate, and (3) the oxidation of pyruvate to acetate and carbon dioxide. 
Although the mechanism involved in the conversion of purine C-5 to the 
methyl carbon of acetic acid is not e.stablished by the fermentation e.xperi- 
ments, the results do pro\’ide evidence that carbon dioxide and formic 
acid are not intermediates in the reaction. This is particularly evident 
from the results of Experiment 11 (Table II), in wliich the specific activitj" 
of the methj’l of the acetic acid derived from uric acid-5-C*^ is much greater 
than the specific activity of either the carbon dioxide or formate. The 
results of these fermentations also demonstrate that the purine C-5 is a 
much better source of the methyl of acetate that the methylene of glj’-cine. 
The mechanism involved in the extensive incorporation of carbon dioxide 
into the carboxjd of gli^cine, which has been observed previously (19), still 
requires adequate ex^planation. 

The ex^periments ivith the cell-free preparation provide exddence that 
purine C-2 is converted exclusively to carbon dioxide; however, in the 
fermentation experiment vith guanine-2-C'S formic acid and glycine 
carboxjd carbon atoms had a higher specific actmt}’^ than the carbon diox- 
ide, indicating that these atoms were not derived from carbon dioxide. 
These results suggest either that there is more than one mechanism of 
purine C-2 metabolism, or that the equilibration between the carbon 
dioxide produced in the organism and that in the medium is slow, and 
hence the specific acti\dty of the formate and gljmine carboxjd atoms 
reflects the specific activity of the carbon dioxide within the cell. 

The fermentations with C. acidi-vrid also indicate that C-6 of guanine 
is converted to carbon dioxide and that the carboxyl of glycine is formed 
from the C-4 of purine, and would suggest that the chief difference between 
the purine fermentations carried out by this organism and by C. cijlindro- 
sporum is in the metabolism of the glycine and formate formed. 

STOQIART 

The fermentation of purines by Clostridium cylindrosporuvi and Clostrid- 
ium acidi-urici has been investigated by using C'Mabeled guanine, uric 
acid, glycine, formate, acetate, and carbon dioxide and uric acid-7-N‘=. 
The results show that the carbon dioxide is derived mahilj^ from C-2, 
C-4, and C-6 of the purine molecule. Formic acid is derived chieflj’’ from 
C-8 and smaller amounts from carbon dioxide. The methyl of acetic 
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acid is derived cliiefl.y from C-5, 'iviUi significant contributions from carbon 
dioxide and formic acid. The carboxyl group of acetic acid is derived 
mainly from C-5, although significant amounts also arise from the meth- 
3 dene carbon of gbrnine. The meth 3 ''lcne of gb^cinc arises almost entirebv 
from C-5, while the carbox.vl of glycine is derived from C-4, with an un- 
expectedly large contribution from carbon dioxide. The amino group of 
gljmine is derived from N-7. 
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PURINE FERMENTATION BY CLOSTRIDIUM 
CIXINDROSPORUI^I 

II. PURINE TRANSFORMATIONS’ 

By JESSE C. RABINOBTTZf and H. A. BARKER 

(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 

(Received for publication. May 11, 1955) 

Two organisms, Clostridium acidi-urici and Clostridium cylindrosponan 
which grow on certain purines as the sole carbon and nitrogen source, 
have been isolated and described by Barker and Beck (1). Uric acid, 
guanine, and xanthine are readily decomposed b}' growing cultures of 
these organisms, whereas h3'poxanthine is attacked less readih% and purine, 
adenine, adenosine, and guanosine are not appreciabl}- decomposed (2). 
Radin and Barker (3) prepared cell-free e.xtracts of C. acidi-urici which 
activelj' degrade xanthine and identified glj'cine, formic acid, carbon 
dioxide, and ammonia as products. Cell-free preparations of C. cylindro- 
sporum have now been prepared bj' the extraction of l5'ophili2ed cells 
with buffers under anaerobic conditions. The action of this preparation 
on a varietj' of purines, man}' of which were not available in pre^dous 
studies, has been investigated. The occurrence of guanase, nucleoside 
phosphoi}'lase, and a xanthine dehydrogenase has been demonstrated in 
these e.xtracts of C. cylindrosporitm, and the presence of these enz}'mes 
affords some explanation of the substrate specificity observed with the 
e.xtracts and with growing cultures. 

EXPERniEXT.VL 

Methods — Stock cultures of C. cijlindrosporum, strain HCl (1), were 
grown as described pre^dously (4). For the preparation of washed cell 
suspensions and cell extracts, the organism was grown in 20 liter glass car- 
boys containing the stock culture medium pre^dously described (4), with- 
out sodium thioglycolate or agar. The autoclaved medium was cooled to 
37°, and solid sodium hydrosulfite was cautiously added until the green 

* This work was supported in part by research grants RG607 and 6N-2126F(C) 
from the United States Public Health Service and by a contract with the Atomic 
Energy Commission. It was presented in part before the 123rd meeting of the Ameri- 
can Chemical Society at Los Angeles, March, 1953. 

t Public Health Service Fellow of the National Institutes of Health, 1951-53. 
Present address. Section on Enzjunes and Cellular Biochemistrj', National Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Marv- 
land. 
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color of the medium, caused by the methylene blue, disappeared. The 
contents of the carboy were mixed with a stream of non-sterile nitrogen 
during this process. Each carboy was inoculated with 2 liters of an 18 
hour culture of the organism. Substrate disappearance was determined 
at hourlj'^ intervals, once turbidity was evident, by measuring the optical 
density (1 cm. cell) at 290 mfi of a 1:100 dilution of the medium. When 
this value was less than 0.025, the cells were harvested with a Sharpies 
centrifuge and washed with cold distilled water. Three types of prepara- 
tions were obtained from these cells by the following procedures. 

Washed Cells — The cells from a 20 liter culture were suspended in 50 
ml. of previously boiled and cooled water, and 2 ml. of this suspension 
were further diluted to 10 ml. and stored in an evacuated Thunberg tube 
at 3°. 

Cell Extract — The washed cells were lyophilized and stored in an evac- 
uated desiccator at — 10°. 500 mg. of the bmphilized cells were incubated 
with 20 ml. of 0.1 m potassium phosphate or triethanolamine hydro- 
chloride (TEA) buffer at pH 7.0, 0.01 m with respect to cysteine,* in an 
evacuated vessel at 37° for 1 hour. The incubation mixture was centri- 
fuged at 20,000 X g for 10 minutes at 0°, and a clear, enzymatically active 
extract was obtained. The extract was stored in an evacuated tube at 
-10°. 

Precipitated Extract — ^The cell extract was saturated with ammonium 
sulfate, and the precipitated protein was dissolved in oxygen-free 0.1 m 
potassium phosphate or TEA buffer at pH 7.0, 0.01 ai with respect to 
cysteine.* The solution was stored in an evacuated tube at —10°. 

Carbon dioxide, ammonia, formic acid, acetic acid, and glycine were 
determined as previously described (4).” Orthophosphate was determined 
by the method of Lowiy and Lopez (5). Ribose-l-phosphate was esti- 
mated by the procedure described by Abrams and IHenow (6). Samples 
were chromatographed b 3 " the ascending technique on Whatman No. 1 
paper with 5 per cent disodium phosphate-isoamyl alcohol, as described 
by Carter (7). Uric acid was identified by its spectrophotometric be- 
havior on treatment with a commercial uricase preparation under condi- 
tions described by Buchanan et al. (8). Spectra were determined in 1 
cm. cells with the Beckman model DU spectrophotometer. 

Materials — ^Xanthine, xanthosine, guanine, guanosine, hypoxan thine, 

1 Cysteine was omitted from the buffer in preparations used for studying methylene 
blue reduction rates. 

2 It should be pointed out that test solutions were heated to 100° at pH 5 in the de- 
termination of glycine, at pH 9.5 for the determination of ammonia, and in strong 
alkali, followed by acid at pH 2, in the determination of the volatile acids. The val- 
ues obtained for these substances may, therefore, represent certain bound forms. 
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inosine, adenine, and uric acid were obtained from the Nutritional Bio- 
chemicals Corporation and were used without further purification. 

ResiiUs 

Purine Degradation hij Groioing Cultures — ^The ability of C. cylindro- 
sporum to grow when supplied with various purines as the sole carbon 
and nitrogen source was determined (Fig. 1). Groudh was estimated bj^ 
measuring the amount of ammonia formed (1). Xanthine supported the 
most rapid growth of the organism, although the absolute amount of 
ammonia formed from uric acid was somewhat greater. 



Fig. 1. Growth of C. cylindrosporum on various purines. The cultures were grown 
in 25 ml. volumetric flasks containing lOpmoles per ml. of the purine indicated and the 
usual growth medium (4). O.xsorbent was used to remove o.xj'gen from the sealed 
flasks. Aliquots of the medium were removed aseptically at the times indicated for 
ammonia analysis and the flasks were resealed. The purines tested in the curve 
marked "others” were hj-poxanthine and xanthosine. 

In similar e.xperiments, pretdously reported by^ Barker and Beck (2) 
using C. acidi-uriei, uric acid was found to be utilized much more rapidly 
than xanthine. The apparent discrepancj’’ between these two results is 
probably explained bj'' the use of an impure sample of xanthine in the 
earlier studjE 

Purine Degradation by Washed Cells — ^The degradation of a variet}^ of 
purines by cell suspensions of C. cylindrosporum was investigated with 
washed cells grown on uric acid. Activit 3 ’- was determined b}’’ measuring 
carbon dioxide formation in the Warburg apparatus (Table I). Of the 
compounds tested, xanthine was most rapidl 3 ' degraded. The other active 
compounds found were guanine, uric acid, 6 ,8-dihj^droxj'purine, and guano- 
sine. 

Products Formed from Xanthine by Cell Extracts — A soluble extract of 
C. cylindrosporum, prepared as described, was found to convert xanthine 
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to products without significant absorption above 230 m/x (Fig. 2). The 
products of the reaction are shown in Table II. However, the methods 
used in the determination of ammonia, formic acid, and glycine involved 


Table I 

Decomposilion of Purines hy Washed Cell Suspensions of C. cylindrosporum 


Compound 

Substituents on purine ring 

Relative 

2- 

6- 

8- 

9- 

activity* 

Hypoxanthinc 


—OH 




Inosine 


—OH 


Ribosyl 


t 1 

i 

—OH 


Xanthine 

—OH 

—OH 


100 

Xanthosine 

—OH 

—OH 


Ribosyl 


t 

—OH 

—OH 

— CHa 

_ 

t 

—OH 

—OH 


7.8 

Uric acid 

—OH 

—OH 

—OH 


4.4 

t 

—OH 

—OH 

-OH 

Ribosyl 


Adenine 

— NH« 
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The side arm of the Warburg flask contained 0.5 ml. of the w ashed cell suspension. 
The main compartment contained 1 ml. of 0.01 m substrate in 0.1 m potassium phos- 
phate, pH 7.0, 0.2 ml. of neutralized 0.3 m cysteine hydrochloride in 0.5 m potassium 
phosphate, pH 7.0, and 0.05 m potassium phosphate, pH 7.0, to make the total vol- 
ume 2.2 ml. The flasks were flushed with hydrogen for 3 minutes and equilibrated 
at 36° for 5 minutes before tipping in the enzyme. The manometers Avere read at 5 
minute intervals until the carbon dioxide evolution had stopped. 

* The time required for the formation of half the final amount of CO3 evolved was 
determined. This value was 7 minutes for xanthine. The activity is expressed as 
the reciprocal of this value relative to xanthine, which is set at 100. The dash in- 
dicates that no demonstrable degradation was observed. 

f Gifts of Dr. H. O. L. Fischer from the collection of E. Fischer. 
t A gift of Dr. C. E. Carter. 

distillation at 100° from alkaline or acid media, and these substances 
may have been formed by the decomposition of unstable enzymatic 
products during the analytical procedures used. 

Nucleoside Phosphorylase — preparation free of measurable phosphate 
was obtained by precipitating the proteins of the cell extract with saturated 
ammonium sulfate as described. Xanthine was readily degraded by this 
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preparation (Fig. 3), and the addition of orthophosphate had no effect. 
Guanosine was not degraded unless orthophosphate was added, and the 



220 260 300 

WAVELENGTH m> 


Fig. 2. Xanthine degradation by c.vtracts of C. cylindrosporum. The complete 
system consisted of 20 pmoles of xanthine, 50 iimoles of cysteine, 500 pmoles of potas- 
sium phosphate, pH 7.0, 5 pmoles of ferrous sulfate, 0.5 ml. of cell extract, and water 
to bring the volume to 4.0 ml. The stoppered tubes were incubated at 37° for 1 hour. 
The reaction was stopped by the addition of 1 ml. of 15 per cent perchloric acid to each 
tube. The spectrum of the complete system is corrected for the absorption due to the 
extract. 


Table II 

Pioilucls Formed from Xanthine by Extracts of C. cylindrosporum 



i 

Initial ' 

1 

1 

Final 

A 

Moles per mole 
xanthine 
utilized 


[ fimolrs per pzl. 

Utrohs per ml. 

nmoles per ml. 


Xanthine 

1 10.0 

2.4 

-7.6 


Carbon dioxide 

; 2.4 

14.8 

12.4 

1.6 

Ammonia 

1 5.7 ' 

23.8 

18.1 

2.4 

Formic acid 

.. .. 1 1.6 

9.0 

7.4 i 

0.97 

Glycine 

1 0.0 

5.4 

5.4 

0.71 


The main compartment of the Warburg vessel contained lOO^imoles of potassium 
phosphate, pH 7.0, and 0.3 ml. of an extract of C. cylindrosporum. After equilibra- 
tion under a hj'drogen atmosphere, 10 ^moles of xanthine were added from a side 
arm. Sulfuric acid was added from another side arm after 30 minutes at 37°. Ini- 
tial values were obtained from a duplicate flask incubated without added .xanthine. 

products formed had no absorption in the range of 230 to 300 mp. Gua- 
nosine disappearance was accompanied b 3 ’- the disappearance of an equiva- 
lent amount of orthophosphate, but without change in the pentose con- 
centration. The rate of hj’-drolysis of the phosphate ester is similar to 
that for ribose-l-phosphate (Fig, 4) (6). Inosine as well as guanosine 
formed easily hj^drolj^zable phosphate; no reaction was detected with 
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adenosine or xanthosine. These observations suggest the occurrence of a 
nucleoside phosphorylase in C. cylindrosporum having a specificity similar 
to that of the mammalian enzyme (Kalckar (9)). 

Guanasc — The occurrence of guanase in the cell extract could be demon- 
strated, since, when guanosine is incubated with the precipitated extract 
in the presence of ox3’-gen, the original spectrum is replaced by one almost 
identical with that of xanthine (Fig. 5). The xanthine formed, calculated 
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Fig. 3. Eflfect of orthophosphate on purine degradation by purified extracts. 
Stoppered tubes containing 10 ^moles of purine, 200 mmoles of potassium phosphate, 
pH 7.0, where indicated, and water to make volume to 10 ml, were incubated at 37°. 
The reaction was stopped at the times indicated b}’’ adding a 1 ml. aliquot to 9 ml. of 
6 per cent perchloric acid. The purine content of the sample was determined from 
the absorption of the filtrate at 255 m/i, corrected for absorption due to the enzyme 
blank. 

Fig. 4. Rate of release of orthophosphate from the enzymatic reaction product 
and ribose-l-phosphate. Stoppered tubes containing 20 /xmoles of guanosine, 80 
jumoles of ej'^steine, 20 nmoles of potassium phosphate, pH 7.0, and 1.2 ml. of the 
precipitated enzyme were incubated at 37° for 90 minutes. Samples of the incuba- 
tion mixture were deproteinized and h 3 ’^drolyzed with 1 per cent perchloric acid. 
The hydrolysis curve for ribose-l-phosphate is taken from the data of Abrams and 
Klenow (6). 


from the absorption at 260 mp, was equivalent to 93 per cent of the initial 
guanosine present. The conversion of guanine to xanthine was demon- 
strated in a similar experiment, although it was not as complete in this 
case because of the insolubility of guanine. The formation of xantliine 
from each substrate was confirmed by paper chromatography of the 
reaction mixtures in 5 per cent disodium phosphate-isoamyl alcohol (7). 

The formation of xanthine from guanosine requires the action of nucleo- 
side phosphorylase, followed by that of guanase. Evidence for this 
sequence. of reactions is given in the following section. 

Xanthine Dehydrogenase— The reduction of methylene blue in the pres- 
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Fig. 5. Enzyin.itic conversion of guanosine to xanthine. Tubes containing 2 
;imoles of guanosine, 200 /inioles of potassium phosphate, pH 7.0, and 1 ml. of the 
precipitated enzyme in a volume of 2.5 ml. were incubated at 37° for 2 hours. The 
reaction was stopped by the addition of perchloric acid to give a final concentration 
of 5 per cent. Absorption spectra were determined in 5 per cent perchloric acid and 
have been corrected for the absorption due to the enzjTne. 



Table III 

liclatii’C Rales oj Methylene Blue Reduction by Suspensions and Extracts of 
C. cylindrosporum with Various Substrates 


Substrate 

Rate 

Suspension 

Extract 

Xanthine ... 

100 

100 

Guanine . . 

20 

25 

Guanosine . 

12 

29 

Guaninedeoxjiiboside 


15 

6,8-Dihydroxypurine . . ... 

20 

IS 

Hj-poxanthine 

12 

4 

S-Hydroxx-purine 

2 

1 

Adenine 

1 

1 

Uric acid 

1 

1 

Formic acid 

29 

1 

Glycine 

9 

1 

DL-Serine 

9 

1 

Pvruvic acid. . . 

7 

1 

Salicylaldehyde . 


1 

“ + xanthine . 


100 

Blank 


1 


The Thunberg tube contained 2 pmoles of substrate, 150 /xmoles of potassium 
phosphate, pH 7.0, and 0.6 /xmole of methjdene blue in a total volume of 2.3 ml. 
The cap contained 0.2 ml. of the washed cell suspension or 0.5 ml. of the precipitated 
extract. The evacuated tubes were equilibrated at 35° for 3 minutes and then 
mixed. The relative reduction rates were calculated from the reciprocals of the 
time required for complete decolorization, as determined visually. In the presence 
of xanthine, the time required was less than 2 minutes. The blanks did not reduce 
the dye in less than 2 hours. 
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ence of a cell suspension of C. acidi-mici and a variety of substrates was 
observed by Barker and Beck (2). Of the various purines and amino 
acids tested, methylene blue reduction occurred most rapidly in the 
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Fig. 6. Guanosine decomposition in the presence and absence of methylene blue. 
Evacuated Thunberg tubes contained 10 /imoles of guanosine, 100 jumoles of potas- 
sium phosphate, pH 7.0, 0.5 ml. of the precipitated extract, and 7.5 jumoles of meth- 
ylene blue, where indicated, in a total volume of 2.5 ml. The tubes were incubated 
for 1.5 hours, when methjdene blue reduction was complete, and were then placed 
in a boiling water bath for 10 minutes. Guanosine was added to the control tube 
after heating. The absorption spectra were determined after diluting 0.1 ml. of 
the boiled supernatant solution with 7.0 ml. of 6 per cent perchloric acid. 

Fig. 7. Conversion of 6,8-dihydrox}>’purine to uric acid. An evacuated Thun- 
berg tube containing 10 yumoles of 6,8-dihydro.x3'-purine, 7.5 //moles of methjdene 
blue, 0.7 ml. of the precipitated e.xtract, and 100 //moles of potassium phosphate, 
pH 7.0, in a total volume of 2.5 ml. was incubated at 35° for 1.5 hours. The reac- 
tion was stopped by placing the tubes in a boiling water bath for 10 minutes. Curve 
A is the absorption curve found for the enzj’^matically formed component obtained 
after paper chromatography of 0.1 ml. of the incubation mixture with 5 per cent 
disodium phosphate-isoamyl alcohol (7) and elution of the spot with 0.1 M potassium 
phosphate, pH 7.0. Curve B is the absorption spectrum of uric acid. Curve C is 
the absorption of the supernatant solution at a dilution equal to that used for Curve 
D. Curve D was obtained by treating 0.5 ml. of the boiled incubation mixture with 
50 //moles of borate buffer, pH 9.2, and 100 mg. of commercial uricase powder in a 
volume of 7.5 ml. for 2.5 hours at 43°. A correction for the absorption due to uricase 
has been supplied. 


presence of gl^^’cme. Among the purines, only xanthine and guanine were 
observed to cause a rapid rate of methylene blue reduction. 

■ The relative rates of methylene blue reduction with washed cell sus- 
pensions and precipitated extracts of C. cylindrosporw^n with various 
purines is shown in Table III. The most rapid reduction rate was ob- 
served on the addition of xanthine. 

Examination of the deproteinized filtrates from these reaction mixtures 
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showed almost complete disappearance of the substrate spectmm in the 
absence of methylene blue, but in the presence of the dye the spectrum of 
the purine was replaced by one liaving a peak at 285 mfi. Similar results 
were obtained with xanthine, guanine, 6,S-dih3’'droxj'purine, and hj^po- 
xanthine. Paper chromatograms of these incubation mixtures in 5 per cent 
disodium phosphate-isoamj'l alcohol (7) showed an ultraviolet-absorbing 
component having the same mobilitj' as uric acid in addition to variable 
amounts of unchanged substrate and methj'Iene blue. The absorption 
spcctnim of the enzj'maticallj* formed substance was determined after it 


Table IV 

Effect of S-Amino-Jt-hydroxy-G-'plcridinccaThoialdchyde on Xanthine 

Degradation 


PTCA 

Activity 

^fcthylcnc blue reduction lime* 

50 percent rantfiinc decompositionf 

y per nl. 

mm. 

mm. 

0 

13 

55 

3 



lo 


55 

30 




• Evacuated Thunberg tubes containing 2 ^iinoles of xanthine, 0.6 /imole of methyl- 
ene blue, 25 /imoles of potassium phosphate, pH 7.0, PTCA as indicated, 0.3 ml. of 
the precipitated extract, and water to make the volume to 3.0 ml. were incubated 
at 35°, and the time for complete dye reduction was determined visually. 

t Stoppered tubes containing 4.0 pmoles of xanthine, 64 /imoles of cysteine, 100 
/imoles of TEA, pH 7, 100 /imoles of potassium phosphate, pH 7, 0.4 ml. of precipi- 
tated extract, and water to make the volume to 4.0 ml. were incubated at 35°. Sam- 
ples, removed at various time intenmls, were added to 3 per cent perchloric acid, 
and xanthine disappearance was determined from measurement of the optical densitj' 
at 260 m;i. Activits' is expressed as the time required for 50 per cent degradation. 

had been eluted from the paper and was found to agi-ee with that of uric 
acid (Fig. 6). Further evidence confirming the identity of the product of 
these reactions as uric acid was obtained bj' demonstrating the susceptibility 
of the product to degradation by uricase (Fig. 7). It has not been possible 
to demonstrate the quantitative conversion of anj^ of the purines to uric 
acid by the crude or purified extract under the conditions emploj'ed. It 
was found that methjdene blue reduction in the presence of guanosine and 
the precipitated enzyme is dependent on the addition of orthophosphate. 
No such orthophosphate requirement was obseired for the reduction of 
methjdene blue in the presence of xanthine and the precipitated enzjmie. 

2-Amino-4-hydroxy-6-pteridinecarboxaldehyde (PTCA) has been shown 
to inhibit xanthine debj-^drogenase (10), This compound was also found to 
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inhibit completely the xanthine dehydrogenase activity of C. cylindrosporum 
extracts (Table IV). However, PTCA had no demonstrable effect on xan- 
thine degradation under anaerobic conditions in the absence of methylene 
blue. 

The formation of xanthine from uric acid has not been demonstrated 
directly with the crude or purified extract, since xanthine is further degraded 
under anaerobic conditions by these preparations. However, uric acid deg- 
radation occurs in the presence of reduced benzyl viologen (Fig. 8). This 



WAVELENGTH mA 

Fig. 8. Effect of benzyl viologen on uric acid utilization. About 5 mg. of benzyl 
viologen in 5 ml. of water were reduced with hydrogen in the presence of palJadinized 
asbestos. The experimental tube contained 2 ^umoles of uric acid, 0.5 ml. of the 
benzyl viologen solution, 0.5 ml. of the precipitated extract, and 100 ^moles of potas- 
sium phosphate, pH 7.0, in a total volume of 2.5 ml. A control tube with no enzyme 
and one with no dye were also prepared. The tubes contained some palladium- 
asbestos and were filled with hydrogen. They were incubated at 35° for 30 minutes 
and then placed in boiling water for 5 minutes. The absorption spectrum of the 
heated reaction mixture was determined after diluting 1 ml. with 10 ml. of 6 per 
cent perchloric acid. The curves have been corrected, where necessary, for the 
absorption due to the enzyme or the dj^e. 

experiment therefore provides evidence for the reversal of the xantliine de- 
hydrogenase-catalyzed reaction . 

Degradation of Pyrimidine and Imidazole Derivatives — The ability of the 
cell ext]‘act to degrade a variety of pyrimidine and imidazole derivatives 
under conditions in ivhicli xanthine is readily degraded was tested. The 
disappearance of compounds was followed by the Bratton-Marshall test (11) 
when possible or by spectrophotometric measurements. The following 
compounds were tested: 4-amino-2,6-dihydroxy-5-formamidopyrimidine,^ 
2,4-dihydroxy-5,6-diaminopyrimidine,® 5-aminobarbituric acid,® 5-ureido- 
2,4, 6-trihydroxypyrimidine,^ 2 , 4-diamino-6-h3^droxy-5-formamidopyrimi- 

’ Gift of Dr. G. B. Brown. 

* Gifts of Dr. H. 0. L. Fischer from the collection of E. Fischer. 
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dine,* 4-aimnQ-5-imidazolecarboxamide,* 4-hydroxy-5-imidazolecarbo.xa- 
mide,® 4-forni3raido-5-imidazolecarboxamide,® 4-guanidinoimidazole,* and 
4-imidazolecarboxylic acid.^ None of the compounds tested, other than 
xanthine, was degraded under the test conditions. 

DISCUSSION 

Although C. acidi-nrici and C. cylindro&ponivi were first differentiated on 
a morphological basis (1), a difference in the fermentation products formed 
b}’ the two organisms was found after further stud}’' (2). C. cylindrosporiim 
forms glycine as a product of purine fermentation, -while none of this amino 
acid can be detected in fermentation liquors of C. acidi-urici (2); further- 
more, C. cylindrosporum forms 1.0 mole of formic acid and 0.4 mole of acetic 
acid per mole of guanine fermented, while C. acidi-vrici forms 1.0 mole of 
acetic acid and only 0.2 mole of formic acid (4). However, cell-free prepa- 
rations of both organisms were found to degrade xanthine to yield ammonia, 
carbon dioxide, formic acid, and glycine or products which }deld these sub- 
stances during the analytical procedures used. In contrast to growing cul- 
tures, no acetic acid is formed from purines by the cell-free preparations 
which have been used. 

The central rdle of xanthine in the metabolism of C. acidi-nrici has been 
demonstrated by Beck (12), in adaptation studies, and by Radin and Barker 
(3), who obtained e.xtracts of the organism capable of degrading xanthine 
but not uric acid. A similar central role of xanthine in the metabolism of 
C. cylindrosporum is indicated in the e.xperiments described here. Thus, 
of all the purines tested, .xanthine is the most readily utilized for growth and 
is the most rapidly decomposed by washed cell preparations. Uric acid, 
guanine, guanosine, and 6,8-dihydrox}’purine were also active in at least 
one of these tests, and e-ridence for the conversion of these compounds to 
xanthine has been obtained. Hypoxanthme, .xanthosine, uric acid ribo- 
side, various guanine isomers, and other purines were not actively de- 
composed. The specificity in the utilization of purines and their deriva- 
tives for gro-v\i;h by this organism can be partially explained in the terms 

Inosine hypo.xanthine uric acid 

\ U 

Guanosine > guanine > xanthine 6,8-dihydroxj’purine 

i 

intermediates 

i 

end products 

‘ Gift of Dr. S. Gurin. 

‘ Gift of Dr. E. Shaw. 

‘ Gift of Dr. E. G. Jones. 
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of tlie specificity of a number of enzymes shown to be present in the organ- 
ism. The reactions to be discussed and the central role of xanthine are 
indicated in the accompanying sclicme of tlic purine transformations car- 
ried out by C. cylindrosporum. 

Guanase present in the extract converts guanine to xanthine, but is ap- 
parently not active on isoguanine. The available evidence indicates that 
nucleosides are utilized by this organism only after conversion to the free 
bases in a reaction catalyzed by nucleoside phosphorylase. Guanosine is 
thus converted to the free base guanine, which is then rapidly metabolized. 
Inosine is readily converted to hj’-poxanthine, presumabl}’- by the nucleoside 
phosphorylase, but the base formed is degraded very slowl3^ The nucleo- 
side phosphorylase is not active on xanthosine or uric acid riboside (Table 
I), hence the inability of cell extracts to decompose these two ribosides. 

A xanthine dehydrogenase is present in the extracts which oxidizes xan- 
thine to uric acid in the presence of methylene blue. Evidence for the re- 
versibilit}'’ of this reaction has also been obtained, and it would appear that 
utilization of uric acid for growth depends on the action of this enzyme with 
a reducing agent normallj'’ present in the cell rather than on the dye used in 
these experiments. In contrast to the avian xanthine dehydrogenase (10), 
this enzyme does not oxidize salicylaldeh3’'de and oxidizes hypoxanthine 
slowly. The inability of hypoxanthine to support growth of the organism 
can therefore be explained on the basis of the specificit}'- of this enz3mie. 
Uric acid is probably formed from 6,8-dihydroxypurine through the action 
of xanthine dehydrogenase. Preparations of xanthine oxidase from whey 
or ox spleen have been shown to reduce dyes in the presence of 6,8-dih3f- 
droxypurine, although the presumed product of the reaction, uric acid, ivas 
not identified ( 13 ). Examples of xanthine oxidase-catalyzed oxidation at 
C -2 of purines are pro^dded by the action of this enz3’'me on adenine ( 14 ) 
and h3'^poxanthine. However, the steps involved in the degradation of 
6 , 8-dih3'^drox3'^purine in the absence of methylene blue to products with no 
ultraviolet absorption are not known. Washed cells decompose 6,8-di- 
h3^droxypurine at a higher rate than either uric acid or hypoxanthine. Cell 
extracts which actively decompose 6,8-dihydroxypurine do not act on 
either uric acid or h3’^poxan thine. It therefore seems unlikely that 6,8- 
dihydroxypurine is converted to a mixture of uric acid and hypoxanthine 
in a reaction analogous to the anaerobic dismutation of xanthine catalyzed 
by xanthine oxidase ( 15 ). It is possible, however, that 6,8-dihydroxy- 
purine is oxidized to uric acid by xanthine dehydrogenase, and that uric 
acid is then reduced to xanthine in a coupled reaction. Studies with a 
purified preparation of xanthine dehydrogenase will be necessary to clarify 
this reaction. 
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SUMMARY 

Of all the compounds tested, xanthine is most readily utilized for growth 
of Clostridium cyliudrosporinn and is most rapidlj" decomposed bj’’ washed 
cell suspensions of the organism. Soluble extracts which degrade xanthine 
have been prepared from lyophilized cells. Ammonia, carbon dioxide, 
formic acid, and glycine have been identified as products of the reaction. 
The methods used for the determination of these products do not eliminate 
bound forms of these substances as the true enzjmiatic products. The pres- 
ence of nucleoside phosphorjdase and guanase in the extract has been dem- 
onstrated. A xanthine dehydrogenase, wliich converts xanthine to uric 
acid in the presence of methjdene blue, has also been demonstrated. The 
action of these enzjnnes is discussed in relation to the substrate specificity 
observed with the growing organism and the cell extracts, 
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PURINE FERiMENTATION BY CLOSTRIDIUM 
CYLINDROSPORUM 

III. 4-AMrN'0-5-BIID.\Z0LECARB0XYLIC AGED 
AND 4-AMINOIMIDAZOLE* 

By JESSE C. R.\BINOWITZf 

(From the Department of Plant Biochemistnj, University of California, Berkeley, 
California, and the National Institute of Arthritis and Metabolie Diseases, National 

Institutes of Health, United States Publie Health Service, Bethesda, Maryland) 

(Received for publication, May 11, 1955) 

Cell-free extracts of Clostridiwn acidi-nrici (1) and of Clostridium cylin- 
drosporum (2) have been described tvhich degrade xanthine to glj'cine, 
formic acid, carbon dioxide, and ammonia or products which jdeld these 
substances in the analjdical procedures used. The intermediates involved 
in this process, however, are not known. E\’idence exists for two general 
schemes of purine fermentation. The first of these involves an initial split- 
ting of the imidazole ring of the purine to jdeld pjTimidine derivatives as 
intermediates. YTiitely (3) has shown the formation and subsequent deg- 
radation of uracil and thjTnine in the fermentation of purines b}' Micro- 
coccus aerogenes. The second scheme involves an initial hydroljdic split of 
the p 3 TTmidine ring to jdeld imidazole derivatives as intermediates. E\'i- 
dence for this scheme of purine degradation was obtained bj* Radin and 
Barker (1) using extracts of C. acidi-urici. Thej" found that, on incubation 
of xanthine with extracts of C. acidi-urici, substances were formed which 
reacted in the Paul}’’ test. These compounds were presumed to be imidaz- 
ole derivatives, but were not identified. In experiments already described 
(2), a number of available hydrol}’tic products of xanthine as well as other 
p}’Timidine and imidazole derivatives were tested as possible intermediates 
in the degradation of xanthine by extracts of C. cylindrosporum and were 
found to be inactive. 

Conditions have now been found under which an intermediate in purine 
degradation is accumulated by extracts of C. cylindrosporum. This com- 

* This work was supported in part by research grants RG607 and 6N-2126F(C) 
from the United States Public Health Service and bj’ a contract with the Atomic 
Energy Commission. It was presented in part before the Forty-fourth meeting of 
the American Societj' of Biological Chemists at Chicago, April 6-10, 1953. 

t Public Health Service Fellow of the National Institutes of Health, 1951-53. 
Present address, Section on Enzj-mes and Cellular Biochemistry', National Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Mary- 
land. 
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pound has been identified as 4-amino-5-imidazolecarboxy]ic^ acid and has 
been synthesized. Its enzymatic decarboxylation to 4-aminoimidazole has 
also been demonstrated. 


EXPERiatENTAL 

Methods — Strain HCl of C. cylindrosporimi was used. Stock cultures (4), 
cell extracts, and precipitated extracts (2) were prepared as described pre- 
viously. "Wliatman No. 1 paper was used for paper chi'omatography. 
Samples were applied as 0.01 ml. aliquots and were dried in a current of 
air at room temperature. The chromatograms were dev'^eloped b}’" the as- 
cending technique noth solvent s 3 ^stems described in the text and were 
usually run for 15 to 18 hours, when the solvent had traveled about 30 cm. 
The papers were dried at room temperature. Compounds were detected 
with the hlinez-alight lamp (5) and were eluted from the paper with irater 
when necessary. Spectra were determined in 1 cm. cells with the Beckman 
model DU spectrophotometer. Dowex 50 H+ was prepared just prior to 
use by passing 5 n hydrochloric acid and water over a column of the resin. 
Rubber connections 'were avoided in order to minimize contamination with 
ultraviolet-absorbing materials. The flow rate was adjusted to 15 to 20 
drops per minute. The optical densities of the fractions were determined 
within 15 minutes after collection, and samples were diluted to give optical 
density readings of less than 1.0 when necessary. The proper dilution of 
the eluting salt mixture was used in the reference cell. C“ was determined 
with a thin window Geiger counter. Samples, treated with 1 drop of 5 n 
potassium hydroxide and a drop of detergent solution, were dried in poly- 
ethylene cups at 80°. The variable amounts of salt present in the fractions 
and the resulting large variability in self-absorption precluded the calcula- 
tion of recovered. 

Diazotizable amines were determined, by a slight modification of the pro- 
cedure described by Bratton and Marshall (6), as follows: The sample, de- 
proteinized when necessary with perchloric acid and diluted vdth water to 
a volume of 0.2 ml., was added to 5 ml. of 5 per cent perchloric acid. Then, 
0.5 ml. of 0.1 per cent sodium nitrite was added. After 3 minutes, 0.5 ml. 
of 0.5 per cent ammonium sulfamate was added, followed 2 minutes later 
by 0.5 ml. of 0.1 per cent N-l-naphthylethjdenediamine dih 3 ^drochloride. 
After 10 minutes, the optical density at 510 mjj. was deteiTnined v’ith the 
Coleman junior spectrophotometer and 16 mm. test-tubes. 1 ^mole of 
4-aminoimidazole, 4-amino-5-imidazolecarbox3dic acid (calculated from the 
N content of freshly prepared solutions of the compounds), or 4-amino-5- 
imidazolecarboxamide is equivalent to an optical density reading of 4.5, 
4.5, or 4.6, respectivel 3 ^ 

' Positions 4 and 5 of the imidazole ring are equivalent and may also be referred 
to as positions 4(5)- or 5(4)-. 
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The procedvire used for analj'zing mixtures containing 4-aminoimidazole 
and d-amino-o-imidazolecarboxjdic acid is based on the selective absorption 
of 4-aminoimidazole by Dovex 50 NH4+ from a solution at pH 8. In prac- 
tice, 0.5 ml. of a reaction mixture at pH 8.0 was passed over a 2 cm. X 0.6 
sq. cm. column of Dowex 50 NHi+. The column was washed with 4.0 ml. 
of water. The combmed effluent and wash waters contained 4-amino-5- 
imidazolecarboxjdic acid, which was then determined bj’- the Bratton- 
IMarshall test. The column was treated with 10 ml. of 5 m formic acid, 1 11 
with respect to hydrochloric acid, in order to elute the absorbed 4-amino- 
imidazole. This substance was then determined by the Bratton-Marshall 
test. 

Malcrials 

Xanthine, obtained from the Nutritional Biochemicals Corporation, was 
used without further purification. Diethanolamine (DEA) and triethanol- 
amine (TEA) buffers were prepared by neutralization with hydrochloric 
acid of the free bases, which were obtained from Eastman Organic Chemi- 
cals. Samples of xanthine-S-C’^ and xanthine-2-C'^ were prepared from 
the corresponding samples of guanine-C‘^ by treatment with nitrous acid 
(7) and were purified by chromatography as described bj' Carter (5). 

Solutions of 4-aminoimidazole were prepared by the catalji;ic reduction 
of 4-nitroimidazole. The latter compound was obtained by the nitration 
of imidazole (Eastman Organic Chemicals) (8). The 4-nitroimidazole was 
recrj'stallized from glacial acetic acid. CsH3N302, calculated, C 31.9, H 
2.65, N 37.2 per cent; found, C 31.96, H 2.67, N 37.02 per cent. 

The following procedure was used for the reduction : A suspension of 114 
mg. of 4-nitroimidazole, 0.8 ml, of 1 51 monopotassium phosphate, 14.0 ml. 
of water, and 100 mg. of 5 per cent palladium-charcoal (Baker and Com- 
pany, Inc., Newark, New Jersey) was shaken under 1 atmosphere of hydro- 
gen until the gas uptake was complete. The rate of uptake was linear and 
under the conditions used was complete after 30 to 45 minutes. At that 
time, 3 moles of hj-drogen had been utUized per mole of 4-nitroimidazole. 
Then 1.2 ml. of 1 m dipotassium phosphate, 0.08 ml. of 2 11 sodium sulfide, 
0.04 ml. of 4 K hydrochloric acid, and 3.9 ml. of water were added. The 
solution was filtered with filter aid and stored at 0° in a sj-ringe closed with 
a sealed hjq)odermic needle.- Samples could thus be withdrawn as needed 
without exposing the solution to oxj'gen. The initiaUj- colorless solution 
became yellow after about a day. However, verj' little change in the di- 
azotizable amine value of the solution was observ’ed even after storage for 
several months under these conditions. The stabilit3^ of a solution of 4- 
aminoimidazole was detemuned (Table I). Exposure to oxj’-gen results in 
the formation of blue pigments and in partial loss of the diazotizable amine. 

- This method of storage ■was suggested by Dr. S. Korkes. 
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Solutions of 4-amino-5-imidazolecarboxylic acid were prepared by the 
catalytic reduction of 4-nitro-5-iniidazolecarboxy]ic acid. The latter com- 
pound was synthesized by the procedure of Allsebrook et al. (9), with a 
series of reactions described by Fargher and Pyman (8) and by Windaus 
and Langenbeck (10). 4-Nitro-5-imidazoIccarboxylic acid, C4H3O4N3, cal- 
culated, C 30.6, I-I 1.9, N 26.7 per cent; found, C 29.84, H 1.96, N 26.35 
per cent. 

The procedures for the reduction of the nitro group and for storage of 
the product are similar to those just described for the preparation of 4- 
aminoimidazole, except that the reduction was carried out in phosphate 
buffer at pH 8.5 and the pi'oduct was stored at this pH. Just before use, 


Table I 

Stability oj Solutions of i-Aminoimidazole 


Conditions 

Half life at 23° 

Half life at 100° 

5% perchloric acid 

Iirs. 

1 

hrs. 

0.1 N HCl 

42 

0.083 

pH 5 (0.1 M sodium acetate) 

>144 

76 

0.67 

" 7 (0.005 M potassium phosphate) 

2.3 

“ 9 (0.1 M DEA) 

37 

0.13 

0.1 N NaOH 

5 

1.0 

5 N NaOH 

IS 




Samples initially containing 2,5 ^xmoles of synthetic 4-arainoimidazoIe per ml- 
were incubated under the conditions indicated. Aliquots were removed after vari- 
ous time intervals, and diazotizable amine was determined by the Bratton-Marshall 
test. 

the solution was passed over a column of Dowex 50 NH4+ to remove 4- 
aminoimidazole which is formed by spontaneous decarboxylation. 

Rest/Us 

Formation of Intermediate — The rapid formation of a diazotizable amine 
was observed when xanthine was incubated with an extract of C. cylindro- 
sporum (Fig. 1). The disappearance of the amine indicated the possible 
role of the compound (or compounds) formed as an intermediate in purine 
degradation. 

A study was made to determine the pH optimum of the system leading 
to the formation of the intermediate from xanthine, preliminary to separat- 
ing this activity from the one responsible for the further degradation of the 
accumulated amine (Fig. 2). At pH 8.4,^ the initial rate of formation of 

» The pH of the incubation mi.\-ture at the end of the incubation period was 8.4 
as determined with the glass electrode, although a DEA buffer at pH 9.0 was used. 
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the diazotizable amine was somewhat slower than that observed at pH 
6.8, but the amount eventual!}’- formed was almost 4 times as great, and 
no decomposition of the compound was evident. 

Paper chromatograms of the reaction mixtures incubated at pH 6.8 or 8.4 
were developed -nith n-propanol-acetic acid (11) and showed the formation 



Pio. 1. Formation of an intermediate in the degradation of xanthine by precipi- 
tated extracts of C. cylindrosporum. A stoppered tube containing 50 ;imoles of 
xanthine, 200 /<moIes of potassium phosphate, pH 7.0, 100 /mmoles of TEA, pH 7.0, 
180 /imoles of cysteine, 1.0 ml. of the precipitated enzjTne, and -srater to make the 
volume 10 ml. -was incubated at 35°. The reaction -svas stopped and deproteinized 
after the time intervals indicated by adding a 0.1 ml. aliquot of the reaction mi.xture 
to 5 ml. of 5 per cent perchloric acid. The supernatant solution vras assayed by the 
Bratton-Marshall test. 

Fig. 2. Effect of pH on the formation and degradation of an intermediate from 
xanthine by extracts of C. cylindrosporum. Stoppered tubes contained 40 nmoles of 
xanthine, 20 nmoles of TEA buffer (final pH 6.8, 7.3, 7.8) or DBA buffer (final pH 
8.0, 8.4, 8.7), 0.2 ml. of cell e.xtract, 72 nmoles of cysteine, and -water to make the 
volume 4.0 ml. Aliquots of 0.1 ml. -were added to 5 ml. of 3 per cent perchloric acid 
after the time intervals indicated, and diazotizable amine -was determined. 

of a single component which could be detected as a quenching area when 
viewed vdth the Mineralight lamp (5), as a blue area when spraj'ed -with 
the Paulj^ reagent for imidazoles (11), and as an orange-pink area when 
sprayed with the Bratton-Marshall reagents (12). The compoimd, when 
eluted from chromatograms, was degraded on reincubation with the cell ex- 
tract at pH 7.0. 

Experiments with Xanthine-C ^^ — The diazotizable amine formed from 
xanthine was completely adsorbed on Dowex 50 H+, and about 70 per cent 
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was adsorbed or Dowex 1 chloride. Or chromatographiRg the incubatioR 
Riixture of xaRthiRc-S-C*' or xaRthiRe-2-C‘'‘ with the cell extract (Figs. 3 
aod 4), six coHipoReiits' could be distuiguished by ultraviolet absorption. 
Two of these, CompoReuts D and F, were found to give a diazotizable 
amine test. Both compounds retained C-8 but not C-2 of xanthine. To- 




fraction number 

Fig. 3. Degradation of .\anthine-S-C^^. The following nii.vture was incubated in 
a stoppered tube at 35°: SO /nnoles of xanthine-S-C*'’ containing 42,000 c.p.ni., 400 
limoles of DEA buffer, pH 9.0, 100 pinoles of potassium phosphate, pH 9.0, 144 /imoles 
of cysteine, a cell extract of C. c^UndrosporuJfi equivalent to about 10 mg. of protein, 
and water to give a final volume of 8.0 ml. After 20 minutes, 7.0 ml. of the incuba- 
tion mi.x'ture, without deproteinization or pH adjustment, were placed on a Dowex 
50 H'*' column 12 cm. X 1 sq. cm. The eluting mixtures used are indicated. Frac- 
tions of 5 ml. were collected, and the optical densit 3 ' was determined at 260 mu (O) 
and at 240 ma (•). Diazotizable amine and were determined on a 1 ml. aliquot 
of the eluate. The letters refer to the components. 

gether they generally accounted for 80 to 90 per cent of the diazotizable 
amine placed on the column, although the recovery in these particular 
experiments with the C'Mabeled substrates is onl}'^ 56 and 71 per cent. 
The relative amounts of each compound varied in different experiments, 
but the less basic Component D general^ accounted for 80 per cent of the 
diazotizable amine recovered. 

^ Components A and E are unidentified. Component B is unchanged xanthine. 
Component C was identified as l-ureido-S-imidazolecarbo.xylic acid on the basis of 
absorption spectra and chromatographic behavior. 
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The large amounts of salts present in the fractions prevented a satisfac- 
toiy comparison by paper chromatograph}- of these compounds with the 
compound present in the original enzymatic incubation mixture. How- 
ever, both Components D and F were decomposed by the cell extract when 
incubated at pH 7.0 (Fig. o). 

Since C-S of xanthine was retained in the enzymatic intermediates, and 
since these compounds reacted in the Pauly test, it was concluded that 
both compounds contain the imidazole ring. Since C-2 of xanthine was not 
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Fig. 4. Degradation of xanthine-2-C“. The conditions are the same as for Fig. 
3, except that 80 ;imoles of xanthine-2-C‘^ containing 59,000 c.p.m. were used instead 
of xanthine-8-C'’. 

retained in either compound, and since both reacted in the Bratton-iMar- 
shall test, it was concluded that both compounds contained a primar}' 
amino group substituted in position 4(5) of the imidazole nucleus. Unfor- 
tunately the fate of C-6 of xanthine was not determined, because of the un- 
availability of xanthme-6-C“. The fact that 70 per cent of the diazoti- 
zable amine was retained on a Dowex 1 chloride column, suggested that 
the main component of the diazotizable amine fraction formed in the enzy- 
matic reaction. Component D, contains a free carboxj-l group. From the 
fact that C-6 of xanthine is finally converted to carbon dioxide in the fer- 
mentation (4) and the observation that 4-amino-5-imidazolecarboxaniide 
was not metabolized, the structure of Component D was postulated as 
4-amino-5-imidazolecarboxylic acid. Enz}'matic or spontaneous decar- 
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boxylation of this compound would yield 4-aminoimidazoIe, which is 
possibly identical with Component F. Evidence in support of these con- 
clusions follows. 

Comparison of Enzymatic and Synthetic Compounds — 4-Amino-5-imid- 
azolecarbox 3 dic acid and 4-aminoimidazole were synthesized as described. 



Fig. 5. Enzymatic decomposition of Components D and F. Stoppered tubes 
containing a solution of l 3 "ophilized Components D and F, 300 ^umoles of TEA, pH 
7.0, 0.5 ml. of the cell e.xtract (O) or n'ater (® ), 72 /imoles of cj^steine, and water to 
make the volume to 4.0 ml. were incubated at 35°. At the times indicated, 0.1 ml. 
was added to 5 ml. of 5 per cent perchloric acid, centrifuged, and anab'-zed by the 
Bratton-Marshall test. 

Fig. 6. Enzymatic degradation of 4-amino-5-imidazolecarbo.\-3dic acid and 4- 
aminoimidazole. Stoppered tubes containing a solution of either synthetic amino- 
imidazole derivative or 40 jumoles of xanthine, 54 ^moles of C 3 '^steine, 200 jumoles of 
TEA, pH 7.0, and 0.5 ml. of a cell e.xtract of C. cylindrosponm (O) or water (•) 
in a final volume of 4.0 ml. were incubated at 35°. At the times indicated, 0.1 ml. 
was removed, added to 5.0 ml. of 5 per cent perchloric acid, centrifuged, and analyzed 
by the Bratton-Marshall test. 

The identification of these substances as intermediates in the enzymatic 
degradation of xanthine depends on (1) a demonstration of their enzymatic 
activity, (2) a comparison of the chromatographic behavior of the sjmthetic 
compounds with the products of the enzymatic reaction, and (3) a com- 
parison of the spectral properties of the compounds and the derivatives 
formed in the Bratton-Marshall test. It has not been possible to iso- 
late either compound as a crystalline substance from the synthetic or 
enz 3 miatic reactions. 
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Both sjTithetic compounds when incubated udth the cell extract at pF 
7.0 were readily degraded to products which did not react in the Bratton 
Marshall test (Fig. 6). The obseiwed rates of degradation were sufficiently 
great to account for the rate of disappearance of diazotizable amine ob- 
scix'ed ■«*ith xanthine as a substrate. Neither the methyl ester nor the 
amide of 4-amino-5-imidazolecarbox>'lic acid was degraded. 


T.\ble II 

Chromalography of Aminoimidazole Derivatives and Related Compounds 



Solvent I* 

Solvent 2 

1 

1 

I 

^Solvent 3* 

Color in 
Panl> test 

EnzjTne incubation mixturef 

Rf 

0.42 

wi 

Rf 

0.19 

Blue 

4-Amino-5-imidazolecarbo\-ylic acid 

0.42 


0.19 


4-Aminoimidazole 

0.43 

0.35 

t 

it 

4-Amino-5-imidazolecarboxj-lic acid methyl 
ester§ 

0.72 

0.61 

0.S4 


4-Amino-o-imidazolecarbo\-amidel| 

0.49 

0.33 

0 57 


4-Hydroxj’-5-iniidazolecarboxamide^ 

0.30 

0.21 



4-Fonnamido-5-imidazolecarbo.xamjde^ 

0.52 

0.36 



4-Guanidinoimidazole** 

0.53 

0.37 


Purple 

5-Imidazolecarboxj’lic acidft 

0.30 

0.15 

0.49 

Yellow 

Xanthine 

0.40 

0.25 


Orange 


•Solvent 1, n-propanol-1 N acetic acid (3:1) (11); Solvent 2, n -propanol-water 
(3:1); Solvent 3, acetone-2 is triethylamine-water (160:1 :-10). 

t Conditions for the formation of the intermediate were the same as those de- 
scribed for Fig. 2 with DEA buffer at pH 9.0. Usuall}', two to four 0 01 ml. aliquots 
of the reaction mixture were spotted on paper without deproteinization or pH ad- 
justment. 

t The compounds were unstable in this solvent under the conditions used and 
gave no Pauly-positive material. Similar instability was noted on papers developed 
in n-propanol-1 w ammonium hydroxide (3:1). 

§ A gift of Dr. H. K. Mitchell 
|j A gift of Dr. S. Gurin. 

^ A gift of Dr. E. Shaw. 

** A gift of Dr. G. B. Brovn. 
tt A gift of Dr. R. G. Jones. 

The identification of the amine formed from xanthine by the cell e.xtract 
when incubated at pH 8.4 was complicated because of the instabilitj^ of 
4-amino-5-imidazolecarboxylic acid in acidic solvents and the instabilitj' of 
4-aminoimidazole in basic solvents. Samples of the enzymatic incubation 
mixture, 4-aminoimidazole, and 4-amino-5-imidazolecarbo.xylic acid all 
showed a single component which gave a blue color in the Pauly test® and 

‘ It may be noted that the blue diazo color is given onlj- by the aminoimidazoles, 
although not all aminoimidazoles give a blue color. 
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had an J?f of 0.42 on paper chromatograms developed iii 7! -propanol -acetic 
acid (Table II). However, when chromatographed in propanol-water or 
acetoiie-triethylamine, the enzymatic product bchaA^ed like 4-amino-5- 
imidazolecarboxylic acid and could be distingui.shcd from 4-aminoimidazole. 
By eluting spots fi-om chromatograms run in propanol-acetic acid and re- 
rujunng them ivith pwpniiol-water, it was shown that the enzymatic prod- 
uct and the .synthetic 4-amino-5-imidazolecarbo.\'ylic acid had been con- 
verted to 4-aminoimidazole during cliromatograph}’’ in the acidic solvent. 
It is not clear whether Component F, .seen on Dowex 50 chromatog- 
raphy, is formed enzymatically or by the non-enz3’'matic decarboxylation 
of 4-amino-5-imidazolocarbox3'’lic acid. 
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Fig. 7. Absorption spectrum of synthetic 4-amino-5-imidazolecarboxyyic acid 
and 4-ammoimidazole. Substrates were freshlj’’ prepared as described, but the 
sodium sulfide was omitted from the solutions. Aliquots were diluted in 0.1 m 
sodium pyrophosphate (pH 9.0), 0.1 Jir KOH, or’ 0.025 m sodium acetate buffer (pH 
5.0). 


The absorption spectra of synthetic 4-amino-5-imidazolecarboxylic acid 
and 4-aminoimidazole are presented in Fig. 7. These curves are not strictly 
reproducible because of the instability of both compounds. Approximate 
values for the extinction coefficients were obtained by basing the compound 
concentrations on N determinations of the solutions. The molecular ex- 
tinction coefficients of 4-amino-5-imidazolecarbox3dic acid at the wave- 
length of maximal absorption were 9300 at 260 mp at pH 9.0 and 7000 at 
260 mp in 0.1 m KOH. The value obtained for 4-aminoimidazole v^as 
3800 at 238 mp in 0.1 m HCl or at pH 5.0. The 260 to 240 mp absorption 
ratios for 4-amino-5-imidazolecarboxy]ic acid and for 4-aminoimidazole 
at pH 5.0, 0.88 and 0.37, respective^'', are in good agreement with the cor- 
responding values of 0.8 and 0.4 found for Components D and F, respec- 
tively, in the chromatography of the enzymatic reaction mixture. 

The spectra of the product formed in the Bratton-Marshall test with 
Component D and with the enzymatic product accumulated at pH 8.4 
agree well with that of 4-amino-5-imidazolecarbox3dic acid and show a 
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maximum at 502 nxft (Fig. S). The maximal absorption of the product 
formed from 4-aminoimidazole occurs at 514 m^i, Tlie spectra are easily 
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Fig. 8. .\bsorption spectra of the Bratton-Marshall reaction product of 4-amino- 
o-imidazolecarboxylic acid and 4-aminoimidazole. The Bratton-Marshall reaction 
was carried out on freshl}’ prepared samples of the synthetic compounds as described. 
Spectra were determined with the reaction reagents in the reference cells. O, 
spectra of the compound formed from the amine accumulated at pH 8.4 under the 
conditions described in Fig. 2; •, spectrum of the compound formed from Compo- 
nent D in this test. In recalculating the values, the maximal absorption is taken 
as 1.0 


Table III 

Enzymatic Conversion, of Jt-Amino-5-imidazohcarhozylic Acid 
to 4-Aminoimidazole 


Omission 

Total ;xmoles 

Diazotizable amine 

4-^111100 5-imida- 
zolecarboxj he acid 

4- \minoiimdazole 

! 

Enzj-me, EDTA . 

4.0 

3.0 

0.5 

“ FeSO, 

3.9 

2.9 

0.5 

EDTA 

1.1 

0.9 

0.2 

FeSO< 

3.9 

1.6 

1.6 


Stoppered tubes containing 200 #imoles of TEA, pH 8.0, 10 /imoles of cysteine, 0.2 
ml. of the s}ntbetic 4-ainino-5-im}dazoIecarboxyUc acid solution (equivalent to 4 
/xmoles), 0.4 ml, of the cell extract where indicated, 5 nmoles of EDTA, pH 8, or 
0.5 nmole of ferrous sulfate, and water to make the x’olume 1.0 ml. were incubated 
at 37° for 5 minutes. 1 volume of ethanol containing 0.1 ml. of 2 m sodium sulfide 
per 10 ml. was added to the samples. The total diazotizable amine was determined 
on an aliquot of this sample, and 1 ml. was fractionated on Dowex 50 NHj^ for the 
separation of the two imidazole derivatives as described. 

distinguished from that given bj' 4r-ainino-5-iniidazolecarboxamide, which 
has an absorption maximum at 518 m/i and a shoulder at the longer wave- 
lengths under these conditions. 

Enzymatic Decarboxylation of 4-Amino-5-imidazoIccarboxyIic Acid — ^The 
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conditions used for demonstrating the enzymatic conversion of 4-amino-5- 
imidazolecarboxylic acid to 4-aminoimidazole are based on the observation 
that certain metallic ions, such as or Mn++, are required for the 
enzymatic degradation of 4-aminoimidazole. It was therefore possible to 
inhibit the degradation of 4-aminoimidazole by the crude cell extract by 
the addition of ethylenediaminetetraacetic acid (EDTA) (Table III). 
The conditions of the assa}'’ were designed to minimize the non-enzymatio 
decarboxjdation of the substrate; however, 12 per cent of the diazotizable 
amine originally added as 4-amino-5-imidazolecarbo.\ylic acid was re- 
covered as 4-aminoimidazole in the control tube and represents spon- 
taneous decarboxylation of the substrate. On incubation of 4-ammo-5- 
imidazolecarboxylic acid with the enzyme, but in the absence of EDTA, 
only 27 per cent of the diazotizable amine was recovered, demonstrating 
the enzymatic degradation of the substrate (2). In the presence of 
EDTA, 98 per cent of the diazotizable amine was recovered. Of this, 41 
per cent could be accounted for as 4-amino-5-imidazolecarboxylic acid, 
while 41 per cent Avas recoA^ered as 4-aminoimidazole. 

DISCUSSION 

4-Amino-5-imidazolecarbox3’'lie acid AA*as first mentioned in a proposed 
chemical synthesis of xanthine by Fargher and Pyman (8). Windaus and 
Langenbeck (10) later described the S3m thesis of 4-nitro-5-imidazolecarbox- 
ylic acid Avhich on conversion to the ester or amide could be reduced to the 
corresponding aminoimidazole derivative AAdth palladium and hydrogen, 
and Allsebrook ei al. (9) using the methyl ester were then able to s 3 mthesize 
xanthine by the general method proposed by Fargher and Pyman. The 
free 4-amino-5-imidazolecarboxyIic acid, however, has not been previously 
prepared and its formation in the anaerobic degradation of xanthine repre- 
sents the first time the compound has been described. 

Attempts to S 3 mthesize and isolate 4-aminoimidazole have been reported, 
but haA^e generally been unsatisfactory (13-15). Reduction of 4-nitro- 
imidazole Avith tin and hydrochloric acid resulted mainly in the formation 
of ammonia and glycine (13). The intermediates iiiAmh^ed in the ring 
opening AA'-ere not determined, but the process may bear a close relation to 
the enzymatic degradation of 4-aminoimidazole. The dihydrochloride of 4- 
aminoimidazole has been prepared and isolated by Hunter and Nelson (16) 
aaEo used sodium amalgam for the reduction of 4-nitroimidazole and main- 
tained anhydrous conditions to minimize hydrob’^sis of the base. The 
compound as described by these AAmrkers is extremely unstable, and evi- 
dence for the formation of dimers under conditions similar to those used 
in the reduction Avas reported (17). 

It has been observed in this investigation that 4-nitroimidazole is reduced 
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catalj'tically in acidic or alkaline aqueous media with the theoretical amount 
of hydrogen uptake. However, the product formed in alkaline media is not 
degraded by cell extracts of C. cylindrosponnji and gives a purple or blue 
color in the Bratton-lMarshall test, instead of the pink color obtained with 
the product formed durmg acid reduction. It is possible that dimerization 
occurs under alkaline conditions to give products related to those described 
by Hunter and Hljmka (17). 

Although the formation of 4-amino-5-imidazolecarbox3dic acid and 4- 
aminoimidazole has been demonstrated in a degradative process, there is a 
strong possibility that the A^'-ribose phosphates of these compounds partici- 
pate as precursors of 4-amino-5-imidazolecarboxamide ribotide in the bio- 
sjmthesis of purines (18). 


SXJIISIART 

Extracts of Clostridium cylindrosporum incubated with xanthine at pH 
8.4 accumulate a diazotizable amine which has been identified as 4-amino- 
5-imidazolecarboxyhc acid. The extracts also catalyze the decarboxyla- 
tion of this compound to form 4-aminoimidazole. Both compounds have 
been prepared by the catalytic reduction of the respective nitroimidazole 
derivatives. The spectral and chromatographic properties of the com- 
pounds are described. 

The author wishes to thank Dr. W. C. Alford for the microanalyses. 
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PURINE FERMENTATION BY CLOSTRIDIUM 
CYLINDROSPORUM 

W. 4-UREroO-5-BiroAZOLECARBOXYLIC ACID* 

By JESSE C. RABINOWITZ and W. E. PRICER, Jr. 

{From the Kational Ijistituic of Arthritis and Metabolic Diseases, Xational Institutes 
of Health, United States Public Ifealih Scrricc, Beihesda, Maryland) 

(Received for publication, May 11, 1955) 

Xanthine (I) is converted to carbon dioxide, formic acid, gl 3 xine, and 
ammonia bj' crude extracts of CloslruHum acidi-nrici (1) and Closlridivm 
cylindrosponim (2). Conditions under wliicli an inteimediate in this proc- 
ess is accumulated in incubation mixtures of xantliine and the crude ex- 
tract tvere described in Paper III of this series (3). The compound was 
identified as 4-amino-5-imidazolccarbox3dic acid (III), and its enzjnnatic 
decarboxjdation to 4-aminoimidazole (IV) bj' extracts of C. cijlindro- 
sporinn was also demonstrated. 

The close relation of these compounds to 4-amino-5-imidazolecarboxa- 
mide is e^'ident and suggested that this purine fermentation parallels the 
pathwaj' of purine bios\Tithesis (4) involving the free bases rather than 
ribotides. However, 4-amino-5-imidazolecarboxamide is not degraded bj" 
extracts of the organism which convert xanthine to 4-amino-5-imidazolecar- 
boxjdic acid. Another intermediate in the degradative path which was 
found to accumulate when extracts were incubated with xanthine in the 
presence of sequestering agents is described in this paper. The isolation 
and characterization of this compound as 4-ureido-5-imidazolecarbox}^lic 
acid (II) provide additional evidence regarding the general scheme of purine 
degradation in C. cylindrosporum. This scheme, based on the obsen^ation 
presented here and in pre%dous papers of the series (2, 3), is represented in 
the accompanying diagram. 


EXPERIMENTAL 

Methods — Strain HCl of C. cylindrosporum was used. Stock cultures, 
cells, and extracts of the Ij'-ophilized cells were prepared as described pre- 
■\dously (5). Lactobacillus arabinosus, ATCC No. 8014, was grown on the 
s 5 Tithetic medium described by Craig and Snell (6), without added p-amino- 
benzoic acid or pyrimidines, supplemented with 100 y of folic acid per 10 ml. 
of medium. A purineless mutant of Escherichia coli, 55-B-75, was kindly 
provided by Dr. B. D. Davis and grown under his conditions (7). 

* Presented in part before the Forty-fifth meeting of the American Society of 
Biological Chemists at Atlantic Cit}', April 12-16, 1954. 
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Whatman No. 1 paper was used for llie paper chromatograms, which 
were developed bj'’ the ascending tcclmique at room temperature for 15 
hours witli solvent mixtures described in the text. Compounds ivere de- 
tected on the chromatograms with the Pauly reagents (8), the Bratton- 
Marshall reagents (9), or b3'’ inspection under a Mineralight lamp (10). 

Absorption spectra were determined in 1 cm. cells with the Beckman 
model DU spectrophotometer equipped with a photomultiplier. 

4-Amino-5-imidazolecarbox3dic acid ivas determined by the test for di- 
azotizable amines described by Bratton and Marshall (11), but 5 per cent 
perchloric acid was substituted for the trichloroacetic acid used in the orig- 
inal method (3). 

XANTHINE DEGRADATION BY EXTRACTS OF CLOSTRIDIUM CYLINOROSPORUM 


HN — C=0 

I I 


0=C 

HN— 


C— N- 
II ^ 
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I II 
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4-Ureido-5-imidazolecarboxylic acid, when present as the only imidazole 
derivative, was determined by a modification of the Pauly test (12). The 
color formed is unstable, but the maximal optical density at 520 mju is pro- 
portional to the amount of 4-ureido-5-imidazolecarboxylic acid. The maxi- 
mal color is attained 0.5 to 2.0 minutes after mixing sample and reagents. 

4-Aminoimidazole fails to react in the Pauly test after treatment with 
nitrous acid, while the reactivity of 4-ureido-5-imidazoIecarboxylic acid is 
unaffected. The following procedure, therefore, was used to determine 4- 
ureido-5-imidazolecarboxylic acid when it occurred together with 4-amino- 
imidazole. The deproteinized sample is diluted to 0.7 ml. with water 
and treated with 0.1 ml. of 5 per cent perchloric acid and 0.1 ml. of 0.1 
per cent sodium nitrite. After 2 minutes, 0.1 ml. of 0.5 per cent am- 
monium sulfamate is added. The imidazole is determined by the modified 
Pauly test just described. 
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Protein was determined by a turbidimetric method (13). 

Materials — 4-Aminoimidazolc was prepared from 4-mtroimidazole by 
catalj'tic reduction (3). 

4-Ureidoimidazole was prepared as described by Hunter and Hl 3 'nka (14). 
A solution containing 7 mmoles of 4-aminoimidazole, 14 mmoles of potas- 
sium cj'anate, and 14 mmoles of hj'drochloric acid in 420 ml. of water was 
kept at room temperature overnight. The mixture was adsorbed on Dowex 
50 H+ and eluted nith 5 N HCl. The HCl was removed under reduced 
pressure. The ciystalline hj’drochloride of 4-ureidoimidazole was obtained 
on addition of ethanol to a water solution of the compound. The prod- 
uct was recrj'stallized from ethanol-water. M.p. 209-210° (210° (14)). 
CiHtH^OCI, calculated, C 29.6, H 4.3 per cent; found, C 29.44, H 4.48 per 
cent. 

Diethanolamine (DEA) and triethanolamine buffers were prepared bj' 
neutralization of the free bases with hj'drochloric acid. Xanthine, ob- 
tained from the Xutritional Biochemicals Corporation, and commercial 
samples of inorganic salts were used ndthout further purification. 

Results 

Formation — ^Xanthine, incubated with cell-free extracts of C. cylindro- 
sporum at pH 9.0, is converted to 4-amino-5-imidazolecarboxylic acid (3). 
When the incubation is carried out in the presence of aja'-dipjiidjd or 
potassium cj'anide, a decreased amount of 4-amino-5-imidazolecarbox}dic 
acid is formed, and another product can be detected which reacts to form 
a magenta color when spraj^ed with the Paulj’- reagents. 4-Amino-5-imi- 
dazolecarboxjdic acid gives a blue color in this test. Both compounds 
may also be detected as quenching areas when -viewed with the Mineral- 
ight lamp. In contrast to 4-amino-5-imidazolecarbox3dic acid, the second 
product formed from xanthine does not react with the Bratton-Marshall 
reagents, indicating the absence of a diazotizable amino group. 

The products formed from xanthine in the presence of various sequester- 
ing agents were determined (Fig. 1). In the absence of sequestering agent, 
4-amino-5-imidazolecarbox3iic acid is the onty product which can be de- 
tected. In the presence of 1 X 10~’ m ethjdenediaminetetraacetic acid 
(EDTA), the formation of 4-amino-5-imidazolecarbox}dic acid is completel 3 ' 
inhibited, while the maximal amount of another imidazole, stable to nitrous 
acid, is formed. Dip 3 Tidyl and potassium C 3 "anide are required in higher 
concentrations to produce these effects. 

Isolation — For isolation of the intermediate, the following mixture was 
incubated at 37° under anaerobic conditions: 13 mmoles (2 gm.) of xanthine, 
6 mmoles of EDTA adjusted to pH 9.0, 12 mmoles of C 3 "steine adjusted to 
pH 9.0, 120 mmoles of DEA at pH 9.0, an extract of C. cylindrosporum 
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equivalent to 200 mg. of jirotein, and water to make the volume 900 ml. 
iVflcr 4 houi's, the amount of intermediate formed, as determined in the 
colorimetric test, had reached a maximum. Perchloric acid was then add- 
ed to give a final concentration of ] per cent. The precipitated protein 
was removed b}'’ centrifugation. 


4-AMIN0-5-CARB0XYIM)DAZ0LE 



Fig. 1. Effect of sequestering agents on xanthine decomposition b 3 ' C. cylindro- 
sporum extracts. The incubation mi.xtures contained 40 /imoles of xanthine, 40 
ftmoles of C 3 "steine, 400 /iimoles of DEA, pH 9.0, 0.4 ml. of bacterial extract, seques 
tering agent as indicated, and nmter to make the volume 4.0 ml. The tubes were 
stoppered and incubated for 1 hour at 37°. Left-hand section, optical density at 
610 m/i of 0.1 ml. aliquot in the Bratton-Marshall test. Right-hand section, optical 
density at 520 mju of 0.1 ml. aliquot in the modified Pauh’ test after treatment with 
sodium nitrite as described under “Methods.” 

A precipitate formed in the acidified supernatant solution on storage at 
2° overnight. This precipitate was separated by centrifugation, dissolved 
in 0.1 M NH4OH, and analj^zed spectrophotometrically. It Avas found to 
contain 3.2 mmoles of xanthine and 2.3 mmoles of the intermediate and was 
discarded. The supernatant solution which contained 0.7 mmole of xan- 
tliine and 6.5 mmoles of the intermediate was chromatographed on Doaa^cx 
50 (Fig. 2). The intermediate was detected in fractions eluted with 
30 to 43 column volumes. These fractions were combined, and the volume 
was reduced from 1400 to 750 ml. under reduced pressure. The solution, 
containing 5.8 mmoles of intermediate and 0.15 mmole of xanthine, was 
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Fig. 2. Chromatography of reaction mixture on Dowex 50 H+. The deproteinized 
reaction mixture (930 ml.) was passed over a resin column 12 cm. X S.3 sq. cm., and 
the column developed by gradient elution. In A, a reservoir containing 0.10 n am- 
monium hydroxide and a 2 liter mixing chamber of water were used. In B, the stock 
eluent solution was replaced with 0.30 m ammonium hydroxide. The optical density 
of the fractions was determined in O.I m sodium pyrophosphate, pH 9.0, at 250 m/j 
(•) and at 280 mp (O). 



Fig. 3. Chromatography of the Dowex 50 eluate on Dowex 1 formate. The Dowex 
50 eluate (750 ml.) was placed on a 10 cm. X 30 sq. cm. column of Dowex 1 formate. 
Formic acid of the molarity indicated was used for elution. The optical density of 
the fractions was determined in 0.1 m sodium pyrophosphate, pH 9.0, at 260 m/i 
(•) and at 240 m/x (O). Fractions which cont.ained crystalline material are indi- 
cated by the arrows. 


MOLECULAR EXTINCTION COEFFICIENT X 10' 
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then chromatographed on Dowex 1 formate (Fig. 3). Several fractions 
emerged from the column, containing crystalline material. These crystals 


Table I 

Chromatography of Enzymatic Product and Some Eclated Imidazoles on Paper 


Samiile 

Solvent 

Pro-NH3* 

MCFt 

Pro-HOAct 

Enzymatic product 

Rr 

0.30 

0.50 

0.21 

f0.31 

l0.50 

0.50 

Rp 

0.50 

0.61 

0.62 

0.51 

0.60 

0.61 

Rf 

0.29 

0.44 

0.42 

0.29 

0.46 

0.44 

“ " heated with quinoline 

4-Amino-5-imidazolecarboxylic acid 

“ “ -f HCNO 

4-Ureidoimidazole 



* n-Propanol 3 parts, 1 m ammonium hydroxide 1 part (8). 
t Methanol 3 parts, chloroform 3 parts, 10 per cent formic acid 1 part. 
t w-Propanol 3 parts, 1 ."u acetic acid 1 part (8). 


lO 



WAVELENGTH IN MILLIMICRONS 

Fig. 4. Spectra of isolated enzymatic product. Spectra at pH 2, 3, 4, and 5 n-ere 
determined in 0.1 m potassium phosphate adjusted to the pH indicated. Curves at 
pH 6 and 9 were determined in 0.1 m sodium pyrophosphate. 


were removed by centrifugation. The supernatant solutions and fractions 
eluted with 18 to 42 column -^mlumes were concentrated under reduced pres- 
sure to about 20 ml. The crystalline material Avhich formed was sepa- 
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rated b}' centrifugation, washed with cold water, and recrystallized from 
water. A total of 730 mg. of material was isolated, which was calculated 
to represent 3.5 mmoles of the anhydrous intermediate on the basis of the 
absorption at 260 mp. 

Idcniificaiion — ^The isolated material was converted to 4-amino-5-imi- 
dazolecarbo.vylic acid by the e.xtract; it gave a positive Pauly test, indi- 
cating the presence of an imidazole ring, a negative Bratton-Marshall test, 
indicating the absence of a primar 3 ^ amino group, and a positive carbam 3 d 
test (15), and was adsorbed on both cationic and anionic ion exchangers. 
These obsen^ations suggested 4-ureido-5-imidazolecarboxylic acid as a pos- 
sible structure of the isolated material. 

The isolated material contained a variable amount of water of cr 3 fstal- 
lization. The elementary anal 3 'sis of this material, diied to constant 
weight at 100°, agrees fairl 3 ’- well with that of 4-ureido-5-imidazolecar- 
boxylic acid: CsHcOjN^, calculated, C 35.30, H 3.55, N 32.93 per cent; 
found, C 35.02, H 3.89, N 32.04 per cent. 

Koritz and Cohen (15) have described a colorimetric test for carbamyl 
compounds in which carbam 3 dglutamic acid gives 0.086 times the color of 
an equimolar amount of citrulline. The isolated material and S 3 mthetic 
4-ureidoimidazole gave, respectively, 0.062 and 0.089 times the color of an 
equimolar amount of citrulline in this test. 

Further eridence concerning the chemical nature of the intermediate was 
obtained b 3 '^ treating the isolated compound with cupric acetate in quin- 
oline at 200°, conditions commonly emplo 3 '^ed for the decarboxylation of 
aromatic carboxylic acids (16). The product formed could not be distin- 
guished from a synthetic sample of 4-ureidoimidazole on paper chromato- 
grams in three solvent S 3 '-stems (Table I). 

S 3 Tithesis of a compound having the same chromatographic properties as 
the isolated compound was accomplished by treating 4-amino-5-imida2ole- 
carboxylic acid with potassium cyanate under the same conditions em- 
ployed in the s 3 mthesis of 4-ureidoimidazole from 4-aminoimidazole (14). 
A second product was formed during this reaction which could not be dis- 
tinguished from 4-ureidoimidazole in any of the solvent s 3 ’-stems tested. 
The formation of this product is not unexpected under the acid conditions 
used, since 4-amino-5-imidazolecarboxylic acid decarboxylates readily be- 
low pH 7 (3). 

Physical Properties — ^The absorption spectrum and extinction coefficients 
of the isolated enzymatic product, 4-ureido-5-imidazolecarboxylic acid, are 
given in Fig. 4. The molecular extinction coefficients at the wave-length 
of maximal absorption were found to be 13,800 at 255 m^t in 0.2 n HCl, 
14,300 at 242 mu from pH 3 to 4, 11,700 at 256 ni/u from pH 6 to 9, 12,600 
at 270 m;u in 6 n KOH. 
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Tlie pKa' values calculaled from the absorption spectra, which were not 
obtained at constant ionic strengths, are 2.0, 4.9, and 12.2, 

The solubility of the isolated material in water is 1.5 jumoles per ml. at 
35.5°, 1.0 muole per ml. at 23°, and O.G jumole per ml, at 0°. 



Fig, 5, Conversion of intermediate to 4-amino-5-imidazo]ecarbo.xy]ic acid b.v 
e.vtracts of C. cylindrosponm. 20 ftmoles of intermediate (4-ureido-5-imidazole- 
carboxylic acid), 40 /jmoles of cysteine, 400 jumoles of DEA, pH 9.0, 0.1 ml. of ex- 
tract (1.3 mg. of protein), 2 /^moles of ferrous sulfate, and water to make the vol- 
ume 4.0 ml, were incubated in stoppered tubes at 37®. Samples (0.5 ml.) '^’ore 
added to an equal volume of 5 per cent perchloric acid. Aliquots were assa3'ed as 
described under “Methods.” 

Fig. 6. Effect of cations on the conversion of 4-ureido-5-imidazolecarbo.\Tlic 
acid to 4-amino-5'imidazolecarbox3*lic acid. Stoppered tubes containing 2.5;jmoles 
of 4-ureido-5-imidazolecarbox3dic acid, 2.0 ^nioles of cysteine, 200 //moles of DEA, 
pH 9.0, an extract of C. cyUndrosporum equivalent to 0.65 mg. of protein, additions 
of MnCb, FeSO/, MgCI^, CoCb, ZnSO/, CufOOCCH,)-, AlofSO/),, CaCb as indi- 
cated, and water to make tlie total volume 2.0 ml. were incubated for 15 minutes at 
37°. The deproteinized samples were anab'zed for 4-amino-5-imidazolecarbox3’lic 
acid b3’’ the Bratton-Marshall test. 

Biological Activity — Reincubation of the isolated 4-ureido-5-imidazole- 
carbo.xylic acid with the extract in the absence of sequestering agent re- 
sults in formation of 4-amino-5-imidajiolecarboxylic acid (Fig. 5). 

The conversion of 4-ureido-5--imidazolecarboxylic acid to 4-aminO'5-im- 
idazolecarboxylic acid by the extract is stimulated by the addition of Mn++, 
Fe++, and Mg"^ (Fig. 6). The ions active in stimulating the crude system 
also reactivated the system completely inhibited by EDTA. 

The ability of 4-ureido-5-imidazolecarboxylic acid to replace xanthine 
was studied with L. arahinosus. Grovdh of this organism depends on a 
source of added purines in a medium coniaining folic acid but free of py- 
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riinidines and /j-aminobenzoic acid (17). Xanthine can satisfy the purine 
requirement of the organism under these conditions (Fig. 7). However, 
4-ureido-5-imidazolecarboxylic acid was ineffective under the same condi- 
tions. It also failed to inhibit growth of this organism in the presence of 
suboptimal amounts of xanthine. 

A purineless E. coH mutant, 55-B-7o, which can utilize adenine, guanine, 
h 3 'poxanthine, their ribosides or ribotides, and xanthine' to satisH its pu- 
rine requirement also failed to grow on a medium supplemented with 
4-ureido-5-imidazolccarbo.\\vlic acid.- 



MICROGRAMS / 10 Ml. CULTURE MEDIUM 

Fig. 7. Growth of L. arabitwsus on .xanthine and d-ureido-o-imidazolecarboxylic 
acid. The cultures were incubated for 24 hours at 37°. The optical density was 
determined at 660 with the Coleman junior spectrophotometer. 

DISCXTSSIOX 

Extracts of C. cylmdrosporum convert .xanthine to an imidazole deriva- 
tive which can be caused to accumulate in the presence of a sequestering 
agent. This product has been identified as 4-ureido-5-imidazolecarbox\dic 
acid. The synthesis of 4-ureido-5-imidazolecarbox3^1ic acid has been re- 
ported b 3 ^ Allsebrook, Gulland, and Stor 3 ' (18) b 3 ’- alkaline h 3 'drol 3 -sis of 
the reaction product of potassium C3'anate and meth3d-4-amino-5-imidaz- 
olecarbox 3 dic acid. A small sample of this product was kindl 3 ' sent to us 
b 3 ^ Professor D. 0. Jordan. The sample had undergone obvious deteriora- 
tion, since on examination b 3 ^ us, 11 3 -ears after it was S3-nthesized, it was 
found to contain 29 per cent xanthine in addition to an imidazole compo- 
nent. The spectrum and behar-ior on ion exchange columns of the imidaz- 

' Dr. B. D. Davis, personal communication. 

- This compound was also tested by Professor J. Gots of the Universitj- of Penn- 
sylvania and was unable to satisfy the purine requirement of fifteen other E. coU 
mutants. 
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ole component were similar to those of the enzymatic product, although the 
tAvo substances could be separated on paper chromatograms in propanol-1 
M acetic acid (3: 1). Siifhcient material was not available to us for further 
examination. 

The biochemical transformations which xanthine has been shown to un- 
dergo are limited to its oxidation to uric acid (19), its reduction to hypoxan- 
thine (20), its conversion to the deoxynucleoside and the nucleoside (21), 
and the reaction described in the present paper, its apparent hydrolysis to 
4-ureido-5-imidazolecarboxylic acid. The latter reaction has not been de- 
scribed previousl 3 ^ HoweA'’er, this cleavage is similar to such knoAvn reac- 
tions as the conversion of allantoin to allantoic acid (22), the presumed hy- 
drolj^sis of barbituric acid to ureidomalonic acid (23), and the hydrolysis of 
dihydroorotic acid to ureidosuccinic acid (24), Avliich also involve the con- 

I It 1 I R 1 

version of the stmcture NIi — CO — NH — CO to NH — CO — NH 2 COOE. 

The isolation of 4-ureido-5-imidazolecarboxylic acid as a product of xan- 
thine degradation AA^as facilitated by the fact that its further degradation 
by C. cylindrosporum extracts is inhibited by sequestering agents. Mn++ 
and Fe++ AA^ere most effective in acth’-ating the unpurified extract or in 
reversing the inhibition caused by EDTA. HoAA^ever, the determination 
of the metal requirements must await purification of the enzyme. Ure- 
idosuccinase, which also catalyzes the hydrolysis of a ureido group, has 
been shown to require Mn+^ or Fe++ for activity (24). 

Treatment of 4-ureido-5-imidazolecarboxylic acid Avith hydrochloric acid 
at elevated temperature has been reported to cause ring closure, with the 
formation of xanthine (18). Attempts to demonstrate an analogous bio- 
logical reaction, by replacing the xanthine requirement of L. arabinosns or 
a variety of E. coK mutants with 4-ureido-5-imidazolecarboxylic acid, have 
not been successful. It is possible that the nucleoside or nucleotide of the 
compound is required for the biological reaction. Thus, although most 
organisms cannot utilize 4-amino-5-imidazolecarboxamide for groAvth (25), 
it has been shoAvn that the ribotide of this compound is converted to ino- 
sinic acid (26). 

Despite the over-all similarities in the anabolic pathway leading to pu- 
rine biosynthesis and the catabolic pathway (5), they are differentiated by 
the demonstration of the role of 4-ureido-5-imidazolecarboxyIic acid as an 
intermediate in the latter process. This compound represents a cleavage 
between atoms 1 and 6 of the purine ring, while the intermediate in bio- 
S 3 mthesis represents a cleaA^age between atoms 1 and 2. 

SUMaiARY 

Xanthine, incubated Avith extracts of Clostridium cylindrosporum in the 
presence of sequestering agents, is converted to 4 -ureido- 5 -imidazolecarbox- 
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j'lic acid. 4-Ureido-5-imidazolecarbo.\3dic acid is converted to 4-amino-5- 
imidazolecarboxylic acid bj’’ the extracts on the addition of the ions, I\In++ 
or Fe++. The position of this compound as an intermediate in xanthine 
degradation by C. cylindrosporum is thus established. 

Conditions for the formation of 4-ureido-5-imidazoIecarboxjdic acid and 
the method used in its isolation are described. The spectra and solubility 
of the compound were determined. 

We wish to thank Dr. W. C. Alford for the microanal 3 'ses. 

BinLIOGRAPHV 

1. Itadin, X. S., and Barker, H. A., Proc. Xat. Acarl. Sc., 39, llflG (19.53). 

2. Rabinowitz, J. C., and Barker, H. A., ./. Biol. Cliem., 218, 101 (1956). 

3. Rabinowitz, J. C., J. Biol. Chcin., 218, 175 (1956). 

4. Greenberg, G. R., Federation Proc., 12, 651 (1953). 

5. Rabinowitz, J. C., and Barker, H. A., J. Biol. Chem., 218, 147 (1956). 

6. Craig, J. A., and Snell, E. E., J. Bad., 61, 283 (1951). 

7. Davis, B, D., and Mingioli, E. S., J. Bad., 60, 17 (1950). 

S. .Ames, B. X., and Mitchell, H. K., J. Am. Chem. Soc., 74 , 252 (1952). 

9. Berry, H. K., Sutton, H. E., Cain, L,, and Berry, J. S., Univ. Texas Pub., No. 
3109 (1951). 

10. Carter, C. E., .4 j». Chem. Soc., 72, 1466 (1950). 

11. Bratton, .A. C., and Marshall, E. K., Jr., J. Biol. Chem., 128, 537 (1939). 

12. Koessler, K. K., and Hanke, M. T., Biol. Chem., 39, 497 (1919). 

13. Bucher, T., Biochim. el biophys. acta, 1, 292 (1947). 

14. Hunter, G., and Hlynka, I., Biochem. ./., 31, 4SS (1937). 

15. Koritz, S. B., and Cohen, P. P., J. Biol. Chem., 209, 145 (1954). 

16. Beroza, M., Anal. Chem., 25, 177 (1953). 

17. Broquist, H. P., and Snell, E. E., ./. Biol. Chem., 180, 59 (1949). 

18. Allsebrook, W. E., Gulland, J. M., and Storj', L. F., J. Chem. Soc., 232 (1942). 

19. Horbaezewski, J., Monatsh. Chem., 12, 221 (1891). 

20. Green, D. E., Biochem. J., 28, 1550 (1934). 

21. Friedkin, M., J. Am. Chem. Soc., 74, 112 (1952). 

22. Fosse, R., Brunei, A., and DeGraeve, P., Compt. rend. Acad., 190, 79 (1930). 

23. Hayaishi, O., and Kornberg, .A., J. Biol. Chem., 197, 717 (1952). 

24. Lieberman, I., and Kornberg, .A., Federation Proc., 12 , 239 (1953). 

25. Shive, W., .4nn. New York Acad. Sc., 52, 1212 (1950). 

26. Flaks, J. G., and Buchanan, J. M., J. Am. Chem. Soc., 76 , 2275 (1954). 




THE OXIDATION OF TARTARIC ACID BY AN ENZITME 
SYSTEM OF MITOCHONDRIA* 


By ERNEST KUXf and MARIO GARCIA HERNANDEZJ 
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^^adison, Wisconsin) 

(Received for publication. May 25, 1955) 

The role of eertain hydroNj' acids such as malic and lactic acids in ani- 
mal, plant, and microbial metabolism is generallj’- recognized. It was 
showm recentlj' that mammalian liver contains a specific enz3Tiie which oxi- 
dizes another hj'droxj' acid, gl3'colic acid ( 1 ). A similar gl3'colic acid oxi- 
dase was found in plant tissues ( 2 ). Relativcl3’^ little is known, however, 
about the metabolism of a number of other h3'drox3’’ acids, such as tartaric, 
dih3^drox3'fumaric, h3'drox3'p3’^ru^’ic, and tartronic acids. Banga and Szent- 
G3mrg3n ( 3 ) and Banga and Philippot ( 4 ) extracted dihydrox3dumaric acid 
oxidase from plants. The oxidation product was believed to be diketosuc- 
cinic acid, although its identit3’- has not been established. Further infor- 
mation on certain enz3'matic reactions of dih3'drox3dumaric and diketo- 
succinic acids in plant tissues was recently obtained b3' Stafford, Magaldi, 
and Vennesland ( 5 ). The r 61 e of these acids in animal metabolism was 
hitherto only suggested but not proved by experimental work. As earl3’’ 
as 1912 Pamas and Baer ( 6 ) proposed a series of reactions, presumabl3’ 
occurring in muscle, which involved CO2 fixation into h3"drox3’P3aTi-idc acid 
to yield the keto form of dih3"droxyfumarie acid. The experimental eid- 
dence for such a reaction was, however, missing. Stepanow and Eusin ( 7 ) 
observed gl3’’C0gen synthesis in muscle from dih3’-droxyfumaric acid. This 
work was extended to hydroxypynuvic acid by Akabori, Uehara, and 
Muramatsu ( 8 ) who were primarily interested in sugar S3nthesis in muscle 
tissue. 

The purpose of this paper is to describe an enz3me system which acts 
upon tartrate. The emphasis is on the qualitative and quantitative char- 
acterization of the sequence of enzymatic reactions, while the components 
of the enzyme sy^stem are the subject of further studies. 

* Part of this work was presented before the annual meeting of the American 
Societ3' of Biological Chemists, April 12, 1955, San Francisco, California. The work 
was supported in part bj' a grant from the United States Public Health Service and 
in part by a grant from Eli Lill3' and Compan3- (the latter issued to E. K. in 1953). 
t Special Research Fellow, United States Public Health Service. 
t During the tenure of a scholarship of the International Institute of Education. 
From the National Pobriechnic Institute of Mexico. 
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Results 

Occurrence and Properties of Enzyme System— Phe tartrate oxidizing en- 
zyme system was found in llie mitochondrial fraction of rat and beef tissue 
homogenates of all organs so far investigated. Conditions for enzymatic 
oxidation of tartrate are established when dipliosphopyridine nucleotide 
(DPN) and Mg++ (or Mn++) are added to a suspension of sucrose mito- 
chondria with d(— )- or 7neso-tartrate as substrate. In intact mitochondria 
the cytochrome system is utilized as the terminal electron transfer mecha- 
nism to molecular oxygen. Highest rates of O 2 uptake are obtained when 
the reaction is carried out at pH 8 to 8.3. The enzyme system was brought 

Table I 

Comparison of “Apparent Tartaric Acid Oxidase” Activity of Various Tissues 



The manometric test system contained in a volume of 3 ml. 30 //moles of tartrate, 
50 //moles of Tris, pH 8.3, 15 //moles of Mg++, and I mg. of DPN. With intact mito- 
chondria (Mw) 2 mg. of cytochrome c and in extracts 2 mg. of phenazine methonium 
sulfate were used as the carrier. Temperature, 37°; gas phase, air; center well, 0.1 
ml. of 20 per cent KOH -f filter paper. Time of reaction, 60 minutes. 


into solution Iw either of two methods. Mitochondria prepared b}'' the 
isotonic sucrose procedure of Schneider (9) were treated with cold (—10°) 
acetone as described by Drysdale and Lardy (10). The resulting dry 
powder was stirred for 1 hour at 0° with 0.1 m tris(hydroxymethyI)aminO' 
methane (Tris) buffer of pH 8.3 and centrifuged (6000 X ff ^or 30 minutes). 
As a routine the extract of 1 gm. of acetone powder with 10 ml. of buffer, 
containing 5 to 10 mg. of protein per ml,, was used in most experiments. 
The enzyme system was also made soluble by extraction of freshly prepared 
mitochondria according to a method described by Kun (11). The resulting 
extract was frozen and dried in vacuo after liigh speed centrifugation. 


When mitochondrial extracts were tested for “tartaric acid oxidase” ac- 
tivity, besides DPN and Mg^ a carrier dye, phenazine methonium sulfate. 


was required as a link to molecular oxygen. 

Table I summarizes comparative data of “tartaric acid oxidase” activi- 
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ties of various tissues as well as of mitochondrial extracts as determined bj' 
the manometric procedure. The term "apparent tartaric acid oxidase” 
is merelj’’ used for convenience and indicates the sum total of several con- 
secutive reactions measured under conditions in which maximal Os uptake 
is obtained. When intact mitochondria are in contact with the d(— ) or 
meso form of tartaric acid, the d(— ) form is oxidized at a greater rate. 
Aging of mitochondria, treatment with HsO, or extraction of the enzjme 
sj-stem from the particulate form into solution reverses the apparent 
afSnitj', and in each case JHcso-tartrate is oxddized preferentially. This 
difference between the structurally bound and the soluble system may be 
explained bj' selective permeability of mitochondria. ii(-|-)-Tartrate is 
not oxidized b}* any of the preparations. The tartrate oxidizing enzjme 
sj’stem is fairl 3 ’’ stable; its acti\'it 3 ', which diminishes to 50 to 60 per cent 
in 1 to 2 da 3 ’s (in an ice bath), can be almost completel 3 " restored by the 
addition of Mg^. 

Pradiicis of Tartrate Oxidation — Anal 3 'ses of the deproteinized reaction 
mixtures resulted in the characterization of a number of keto acids, which 
were isolated as the 2,4-dinitrophen3dh3’’drazine derivatives by means of a 
chromatographic procedure, described under “Methods” and reported in 
detail in another publication (12). The same products were formed b 3 ’’ 
either intact mitochondria or e.xtracts. 

The identity of the keto acids was based upon the foil oiling criteria: 
(a) Rechromatography of a mixture of the synthetic pure compound to- 
gether with the derivative isolated from eDZ 3 ’me incubation did not result 
in separation into two components. (6) The catal 3 'tic reduction of the 
2,4-dinitrophenylhydrazine derivatives of both samples 3 delded the same 
amino acids, which were identified by the chromatographic method as de- 
scribed by Le%y and Chung (13). 

The chromatographic separation of the 2,4-dinitrophen3^1h3'drazine de- 
rivatives of the keto acids formed during the enz 3 Tnatic oxidation of tartrate 
is shown in Fig. 1. Compound 1 is the 2,4-dinitrophen3'lh3'-drazone of 
oxaloglycolic acid (the keto form of dih 3 ’'droxyfumaric acid). Both the 
synthetic and enzymatic products 3 deld upon h 3 ’'drogenolysis h 3 ’’droxyas- 
partic acid as the major amino acid and small amounts of serine, the 
latter as the result of decarboxylation. Both enzymatically formed and 
synthetic products were decarboxylated by refluxing in water at 100° for 
1 hour to the bis-2,4-dinitrophen34h3’-drazine derivative of h 3 '-droxypyru-\fic 
acid. Compound 2 is the bis-2,4-dinitrophenylh3’-drazone (osazone) of 
diketosuccinic acid, which was also identified as diaminosuccinic acid. 
Compound 3 is the 2 ,4-dinitrophenylosazone of hydrox 3 T) 3 Tu\dc acid, which 
upon reduction yielded a small amount of alanine and 2,3-diammopro- 
pionic acid as the major product. Compound 4 separated into two com- 
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poneiiis whicli were identified as the isomers of the 2 , 4-dinitrophenylhy- 
drazone of gl^mx^die acid. The two components, also obtained with pure 
synthetic 2 ,4-dinitrophcnylh3’’drazone of glyoxylie acid, were eluted sepa- 
ratel}'’ and converted to the corresponding amino acid, which was glycine. 
The cis and trans isomers of oxalogljaiolic acid 2,4-dinitrophenylhydrazone 
did not occur, provided all chemical operations were kept below 50°. 

The quavhtoiivc distribuMon and the rate of koto acid formation from 
tartrate are reported in Table II and Fig. 2. Ox 3 ’’gen consumption, CO 2 
evolution, and gl 3 mx 3 dic acid production from both d( — )- and ?ucso-tar- 
trate are increased 1 ) 3 '^ Mg++, while a simultaneous diminution of oxalo- 



Fig. 1. The distribution of keto acid derivatives on a descending chromatogram. 
Relative values {Rf) were determined by taking the alkaline decomposition product 
of 2,4-dinitrophenylh)’'drazine as Rp = 1 (lowest line). Compound 1 is oxalogl}'- 
colic, Compound 2 diketosuccinic, Compound 3 hydroxj'pj^ruvic, Compounds 4 and 
5 glj’-oxylic acid derivatives (see the text). 

glycolate takes place. Hydrox 3 '-p 3 '-ruvate from ?/?cso-tartrate is doubled m 
the presence of Mg’++ (Experiment A). Further studies dealing with the 
stability of keto acids produced during the enz 3 ’-matic oxidation of tartrate 
revealed that diketosuccinate is non-enzymatically decarboxylated to tar- 
tronate, which was identified as its oxidation product, i.e. mesoxalic acid. 
This was isolated as the 2,4-dinitrophenylhydrazone. As shown in Table 
III, ethylenediaminetetraacetate (Versene) retards this ver 3 '- rapid decar- 
boxylation. When Versene is present during the enzymatic oxidation of 
tartrate (Table II, Experiment B), oxaloglycolate and gl 3 ’'oxylate accumu- 
late, while CO 2 evolution diminishes, as determined in other experiments. 
The metal ion-catalyzed decomposition of diketosuccinate thus markedly 
decreased the yield of total keto acids from tartrate. It was found in ex- 
periments with intact mitochondria (oxidation via the cytochrome system) 
that the main sequence of enzymatic reactions is the oxidation of tartrate 
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to oxalogh'colate, which then j'iclds glj'ox3*late, while the oxidation to 
diketosnccinate and its decarboxjdation to tartronate are considered as 
probabh' non-enzjTnatic side reactions. An additional interfering reaction 


Table II 

Distribution of a-Kcto Acids Produced from Tartrate (in timoles) 


Kcto acid 

Experiment A 

Experiment B 

i 

No Mg«- 

-i- Me** 

N"o Vcrsenc 

-f- Vcrsenc 

(0.0 1 If) 

D(-)- 

rtfso- 

Dt-)- 

mesa- 

Oxaloglj-colic 

0.196 

0.378 


0.154 

0.550 

0.684 

Diketosuccinic 

O.OIS 

0.026 

O.OOS 

0.014 

0.026 

0.028 

Hvdroxj’pjTU'ric 

0.006 

0.010 

O.OOS 

0.022 

O.OOS 


Glvoxylic 

0.037 

0.072 

0.090 

0.182 

0.109 


Total keto acids 

0.257 

0.4S6 

0.178 

0.372 


l.OOS 

0; absorbed 

0.535 

1.6S0 

1.780 

2.760 

1.300 

1..300 

CO. produced 

0.450 

0.870 

1.45 

3.000 




Time of reaction, 15 minutes; temperature, 30°. In Experiment B no Mg^ was 
added; the substrate was meso-tartrate. Conditions as described in Table I. Each 
flask contained 0.5 ml. of extract of beef heart mitochondria (4 to 7 mg. of protein). 



Fig. 2. The enzj-me system was the same as that described in Table II. Sub- 
strate, d(— )- tartrate; 15 ^imoles of MgSO< were added. Temperature, 30°. 
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which obscures the balance of products is the secondary oxidation of glyox- 
jdate by H 2 O 2 , as discussed elsewhere (1, 2). Analyses for simultaneous 
disappearance of tartrale shoAved that 1.4 to 1.6 //moles of tartrate Avere 
used up AAdiile 1 /unole of O 2 Avas absorbed. Unfortunately the analytical 
method for d( — )-lartrate b}'’ means of its complex formed with metaA^ana- 
date (14) is not suflicientl}'’ accurate and sensitive to permit us to rely on 
it beyond an error of ±20 per cent. 

It is interesting, but as yet unexplained, that tlie stoichiometric mixture 
of Versene + Mg^ (final concentration 10“- m) caused complete inhibition 
of tartrate oxidation. 


Table III 


Decomposition of Dihctosuccinaic at pH 8.S 


Time 

Amount recovered 

In Tris 

In Tris -f- Versene (lO"* u) 

min. 

per cent 

per cent 

5 

20 -35 

43-50 

10 

1 - 5 

36-40 

15 

0.1- 0.5 

27-30 

20 

0 

15 

30 

0 

12 


1 /imole of diketosuccinate was added at zero time, and the remaining keto acid 
was analyzed at the indicated times. The A'-oIume of reactants and the amount of 
Tris buffer were the same as in the enzymatic experiments. Temperature, 30 . 
No was added. 

Reversibility of Dehydrogenation of Tartrate — Studies concerned AAuth the 
reversibility of the reactions catalj'^zed by the tartrate oxidizing enziune 
system AA^ere confined to the first step of dehydrogenation to oxalogb'^colate. 
The reduction of oxaloglycolate AA^as measured as folloAA’s: crystalline yeast 
alcohol dehydrogenase (130,000 units) (15) Avas incubated at 30° for 10 
minutes AAuth 2 mg. of DPN and 0.05 ml. of 95 per cent ethanol in the pres- 
ence of 20 pnioles of Tris buffer (pU 8.3) and 0.5 ml. of an aqueous extract 
of an acetone poAA^der of beef heart mitochondria. After this preincuba- 
tion, which insured complete reduction of DPN, 0.5 ml. of a freslily pre- 
pared solution of oxaloglycolate containing 6 pmoles of the partly neu- 
tralized acid AA’^as added. The pH of the final reaction mixture AA^as 7.0. 
The enzyme mixture AA^as again incubated for 10 minutes, then depro- 
teinized Asdth 2 ml. of 10 per cent HCIO 4 , and the filtrate analyzed for keto 
acids and tartrate. The results Avere compared with those of an identical 
enzyme reaction mixture AAhich AA^as deproteinized at zero time; i.e., just 
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at the moment oxalogljTolate was added. During 10 minutes incubation, 
0.344 /:imole oxaloglycolate was reduced. The rate of the reverse reaction 
is of the same order of magnitude as the oxidation of tartrate to oxalogl}’’- 
colate (compare with Table II). Only traces of hydrox 3 'P 3 TUvate (0.006 
/imolc) and no glj’oxjdate at all were found. Neither alcohol dehj'drogen- 
ase nor the extract of mitochondria reduced gl3’’ox3date to gl3'Colate in 
the presence of DPXH. The color reaction of tartrate could not be quan- 
titativel 3 ' evaluated in this range; however, the appearance of the red 
metavanadate complex (absorption maximum at 505 m/z) of one of the 
opticall 3 '’ active enantiomorphs clearl 3 ' indicated that tartrate was actuall 3 ’’ 
formed. 


Methods 

Chemical Preparations — Dih 3 ^drox' 3 'fumaric acid was made b 3 ’’ a modified 
procedure of Fenton (16) as described b 3 ’’ Nef (17). The method recent^’’ 
published b 3 ’' Hartree (18) is essentially the same as that of Nef and does 
not appear to offer an 3 '’ advantages over that of the older paper. H 3 ’'dro.x 3 ^- 
P 3 'Tunc acid was prepared from chlorop 3 TU\ic acid as described b 3 ' Sprin- 
son and Chargaff (19). iMesoxalic and diketosuccinic acids were obtained 
from the Aldrich Chemical Compan 3 '-, Inc., both as free acids and as the 
sodium salt. The properties of the acids agreed closely with those de- 
scribed b 3 ' Fenton (20). Gl 3 m.x 3 'lic acid was obtained b 3 ^ the reduction of 
oxalic acid as described b 3 ' Weinliouse and Friedmann (21). The 2,4- 
dinitrophen 3 ’-lh 3 'drazine derivatives were prepared b 3 ’^ dissohdng the keto 
acids in an excess of the reagent (in 2 N HCl). Aiter standing for 2 hours 
at room temperature, the mixture was kept at 4° overnight, and the ci^-^s- 
tals were removed by filtration, washed with 2 x HCl, and dried. Under 
such conditions the 2,4-dinitrophen34h3’-drazone of oxalogl 3 ’'colic (from 
dih 3 ’^drox 3 ffumaric) and glyox 3 ’-hc acids was obtained. Dih 3 ’-droxyfumaric 
acid was quantitatively recovered as the 2,4-dinitrophen3^1h3^drazone of the 
keto form from an aqueous solution. Diketosuccinic and h 3 'drox 3 ’p 3 'ru-\fic 
acids under these conditions yielded quantitativel 3 ' the bis-2,4-dinitrophen- 
3 'lh 3 ’^drazone (osazone). 

Analytical Methods — ^Each derivative was purified b 3 ^ descending chi’o- 
matography on l^Tlatman No. 1 filter paper, which was previousl 3 ’ impreg- 
nated with 0.1 M potassium phosphate buffer of pH 7.3 and dried. The 
solvent was ethanol (83 per cent) and HsO (17 per cent). The chamber 
was equilibrated with 95 per cent ethanol. For the quantitative anal 3 ’-ses 
of the keto acid derivatives the 2,4-dinitrophen3’’Ih3'drazones were eluted 
from the paper and determined spectrophotometricall 3 ’- (12). 

The reduction of 2 ,4-dinitrophmylhydrazones to amino acids was earned 
out as follows: Approximately 3 to o mg. of the 2,4-dinitrophen3dh3'drazinc 
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derivative were dissolved in 30 ml. of glacial acetic acid, 1 mg. of platinum 
oxide catalyst was added, and the mixture vigorously shaken in H 2 atmos- 
phere for 3 to 6 hours at room temperature. After the uptake of H 2 
ceased, the solution was filtered and dried in vacuo. The residue was taken 
up in a small volume (0.05 to 0.1 ml.) of glacial acetic acid and quantita- 
tivelj'' applied to a sheet of Whatman No. 1 filter paper and chromato- 
graphed (descending technique) (13). The amino acid was located by the 
ninhydrin reagent on a small strip of the total chromatogram, and the rest 
u’as purified by recxtraction and further chromatography. 

DISCUSSION 

The results of experiments obtained with the tartrate oxidizing enzyme 
system suggest a definite pattern of consecutive enz 3 nnatic reactions. 
There is little doubt that the first step consists of the dehydrogenation of 
tartrate to oxaloglycolate. This type of dehydrogenation reminds us of 
the reaction catalyzed by malic dehydrogenase. Malic dehydrogenase is 
specific for the naturally occurring l(— )-malate (22) and does not act on 
dihydroxyfumarate, while the “tartrate dehydrogenase” acts on d(— )- and 
?ncso-tartaric acids. Malic dehydrogenase can react with both di- and 
triphosphopyridine nucleotides (23) as coenzymes; on the other hand, 
tartaric acid dehydrogenation occurs only in the presence of DPN. Var- 
ious preparations of purified malic dehydrogenase of the type described 
by Straub (24) oxidize to a small and varying degree d(— )- and meso- 
tartrate; however, these preparations contain other enzymes (transami- 
nases) and cannot be considered suitable for experiments which are to de- 
cide whether or not malic dehydrogenase acts on both substrates or, 
alternatively, whether different dehydrogenases are involved. 

The main pathway of the enzymatic degradation of oxaloglycolic acid 
leads to the formation of glyoxylic acid. The formation of diketosuccinate 
was experimentally demonstrated, but we do not consider this reaction to 
be on the main path to glyoxylate. It should be mentioned that besides 
Banga, Szent-Gyorgyi, and Philippot (3, 4) who worked with plant ex- 
tracts, Swedin and Theorell (25, 26) and more recently Chance (27) also 
studied the enzymatic oxidation of dihydroxyfumaric acid bj’" purified 
horseradish peroxidase. This reaction is catalyzed by a Mn++-activated 
peroxidase-peroxide complex (27) and occurs under different conditions 
(pH 4.7) from the oxidation of tartaric acid (pH 8.3). According to Chance 
(27) the oxidation of dihj’^droxyfumaric acid by the peroxidase-peroxide 
complex requires Mn++, while the formation of glyoxylate from tartrate 
goes equally well with Mg++, which was used exclusively in all our experi- 
ments. 

"V^Tiile diketosuccinate decomposes non-enzymatically to CO 2 and tar- 
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tronate, glj^oxj'late appears only in the presence of the enzjone system, 
DPN, and tartrate as substrate. Dihydroxjdumarate is enzjTnatically re- 
duced to tartrate (in the presence of continually regenerated DPNH), but 
it does not jdeld glyoxjdate. This observation suggests that the precursor 
of glyoxjdate is not the dienol but the keto form of dihydroxyfumarate, 
i.c., oxalogl3'colate. Tliis question could not be clarified bj’’ the identifica- 
tion of oxalogl3'colate as its 2 , 4 -dinitrophen 3 dh 3 ’-drazone, since both the 
s3Tithetic dienol and the enz3'matically formed product 3delded the same 
derivative upon prolonged (24 hours) incubation vith the carbon3d reagent. 
On the other hand, it is known that dih3'drox3'fumarate is a relativel3' 


3 


I 

coo~ 

HCOH 

I 

HCOH 

COO~ 


-6H 

C+SDPNJ 


I 

COO“ 

I 

CO 

3 HCOH 
COO~ 




2 



m: 

coo~ 



\ 

H 


coo- 

HCOH 

COO“ 

SL 


I=MESO-TARTRATE 

3i;=OXALOGLYCOLATE 

Iir=GLYOXYLATE 


32'= HYDROXYPYRUVATE 

'Z=DIKETOSUCCINATE 

■2I=TARTRONATE 


Fig. 3 


stable dienol ( 18 ) and thus may not be acted upon by an enz3Tne which is 
specific for the keto form. It is suggested that glyoxylate is formed from 
oxaloglycolate (which is the primary product of the deh3"drogenation of 
tartrate) by an intramolecular transfer of H, followed b3’’ cleavage between 
Co and Cs. 

Alternative possibilities of glyoxylate formation -vda the oxidative de 
carboxylation of hydroxypyruvate or tartronate were ruled out b3^ experi- 
ments which showed that under given conditions (during tartrate oxida- 
tion) both added hydroxypyruvate and tartronate were inert and 3delded 
no gbmxylate. Concomitantly with this major pathwa3' of gl3'-ox3date 
formation, a small but consistent decarbox3dation of oxalogl3'colate to h3'- 
drox3’P3rruvate occurs. It is not certain that this reaction is catal3-zed b3' 
an enzyme. The summary of major reactions is schematicall3" outlined in 
Fig. 3 , which merely represents a qualitative pathwa3'. 
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It is hardly possible at present to predict 'whether or not the sequence 
of reactions outlined in this paper represents a major pathway of metabo- 
lism, The ubiquitous appearance of the enzyme reactions may indicate 
this. On the other hand, an interesting possibility may be suggested, that 
transaminations of some of the keto acids formed from tartrate result in 
amino acids which, in small amounts, could serve as physiological regu- 
lators of cell metabolism, as antimetabolites. Such examples have been 
described; e.g., diaminopropionic acid is a constituent of the antibiotic 
viomycin ( 28 ), and hydrox3'’aspartic acid as well as diaminosuccinic acid 
is known to inhibit the growth of Escherichia coli ( 29 ). These possibilities 
in animal, plant, and microbial metabolism as well as the characterization 
of the enzyme components of the tartrate oxidizing enz^mie systeni are 
now under investigation. 


summary 

1 . Suspensions of mitochondria prepared from various tissues of rat and 
beef oxidize d( — )- and weso-tartrate. The enzyme system was brought 
into solution by extraction. The reaction required DPN ; added in- 
creased O2 uptake and CO2 evolution. 

2 . The products of the enzymatic oxidation were isolated and identified 
as (0) oxalogl3’’colate, which 3delds (b) gl3’'0X3date. The formation of (c) 
diketosuccinate, (d) h3’-drox3''P3n'uvate, and (c) tartronate was also estab- 
lished. 

3 . The reduction of oxalogl3’^colate to tartrate was demonstrated. The 
sequence of reactions and their possible role in cell metabolism are dis- 
cussed. 

We are greatly indebted to Professor H. A. Lard3’' for his continued 
interest. Our thanks are due to Dr. Helmut Beinert for a sample of malic 
deh3''drogenase and diaphorase, and to Miss Patricia Broberg for a sample 
of ciystalline alcohol dehydrogenase. 
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PLANT PHOSPHOLIPASE D 

I. STUDIES ON COTTONSEED AND CABBAGE PHOSPHOLIPASE D* 

By HARVEY L. TOOKEY and A. K. BALLS 

{From the Departmcnl of Biochemistry, Purdue University, Lafaxjctte, 

Indiana) 

(Received for publication, June 13, 1955) 

Phospholipases are of current interest in two rather distinct lines of 
research : the general interest in phospholipide metabolism, and the special 
effects of such enzjTnes on terminal oxidase sj-stems. The present paper 
deals -u-ith certain descriptive observations on the relativelj- httle studied 
phospholipase obtained from two plant sources. A subsequent paper 
is concerned with its inactivating effect on succinic oxidase. 

Phospholipase D is a videly distributed enzj-me, occurring in such un- 
related plants as cabbage (5), Hevea latex ( 6 ), S 03 ' beans, maple trees (7), 
etc. The phosphoUpide of seeds disappears during germination, reappear- 
ing as water-soluble choline and other compounds (7), thus suggesting a 
general r61e for the enzjTne in the utilization of resen^e phospholipide. 

Nearly all of the work on phospholipase D has been done bj' measuring 
onlj' the choline released from lecithin. However, Rose ( 8 ) found that 
the cabbage enzjnne released either serine or ethanolamine from “cepha- 
lin.” Kates (9, 10) has recently shown that in certain leaves, notablj' 
spinach and cabbage, the enzjnne is confined to the chloroplast- fraction, 
but no soluble preparations of phospholipase D have been reported. It 
now appears, however, that the enzjTne from a new source, cottonseed, 
can exist in an apparentlj' soluble form. It attacks phosphatid^d ethanol- 
amine as well as lecithin. The principal distinguishing properties for the 
cottonseed enzjTue are its apparent solubilit}’ in water and its lack of 
activation bj^ diethj'l ether. 

* Journal Paper No. S73 of the Purdue University .\gricultural Experiment Sta- 
tion, Lafaj-ette, Indiana. 

* Phospholipase D hj-drolyzes phospholipide to release free nitrogen base and 
phosphatidic acid. Since these enzymes also cleave substrates other than lecithin, 
they are termed phospholipases. Some authors refer to phospholipase D as phos- 
pholipase C or lecithinase C, following the prophecies of Contardi and Ercoli (1); 
we and others (2) follow the names assigned as the enzj-mes were discovered: leci- 
thinase C {Clostridium welchii a-toxin) was named in 1941 (3) before phospholipase 
D was discovered (4). 
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COTTONSEED AND CABBAGE THOSPHOLIPASE D 


Materials and Methods 


Enzymatic Assay — The assay for cephalin liydrolysis was adapted from 
Rose (8). In many instances it was convenient to use smaller quantities 
of 01173^0. This was accomplished by conducting the reaction in the 
microdilTusion apparatus of Kirk and Tompkins (11). 1 ml. of reaction 
mixture usuall}’’ contained 4 mg. of enzyine (diy weight), water, and 40 
mg. of substrate emulsified in phosphate buffer to give a final concentration 
of 0.1 phosphate. After incubation, the reaction was stopped with 
0.4 ml. of saturated potassium metaborate (12). 0.1 ml. of 2 m periodic 
acid (HbIOc) was placed in the larger bulb of the vessel (not in contact 
■with the digest), 0.05 ml. of 20 per cent sulfuric acid "was placed in the 
spoon, the cell evacuated, and the periodic acid then mixed -ndth the digest. 
The ammonia ■v\ms allo'v\'ed to diffuse for 2 hours at room temperature, 
after wdiich the sulfuric acid was made up to 2.00 ml. and nesslerized (13). 
A Beckman model B spectrophotometer at 490 m/i -^-as used to measure 
the color developed. Controls -o'ere mn ■v\nth all assays either by using 
boiled enz 3 Tne or by adding the enzyme after the addition of the meta- 
borate. Only free ethanolamine and serine- are measured by the method. 
Release of choline from lecithin was measured separately by the aqueous 
Reinecke salt method of Snell and Snell (14). 

Purified soy bean “lecithin RG” •was used as a substrate throughout. 
This is a mixture of phospholipides having an approximate percentile 
analysis as follows:^ cephalin, 29.2; lecithin, 29.2; inositol phosphatides, 
31.4; glycerides, 4.0; sugars, glucosides, 5.2; insoluble materials, moisture. 


1 . 0 . 

Chemieal Methods — Inorganic phosphate -wms determined by the method 
of Allen (16). Turbidity in the solutions was avoided by coagulation of 
lecithin RG -sNith HCIO 4 , followed b}*" centrifugation. Enz 3 anatic diges- 
tions were carried out in 0.1 m acetate buffer at pH 5.9 when phosphate 
was to be measured subsequent^. 

Calcium phosphate gel was prepared according to Kunitz (17). 

Free fatty acids were determined by the method of Fairbairn (18). 

Chromatography — Whatman No. 1 paper “for chromatography” ■\yas 
employed throughout. Lutidine-ethanol and phenol-water developing 
solvents are described by Block (19). Butanol-acetic acid (Solvent I) 
was made by shaking together 49 ml. of n-butanol, 49 ml. of distilled H 2 O, 


2 Threonine would also be measured, but this is not known to occur in phospho- 
lipides. The results are reported as ethanolamine N, since no serine is liberated by 
the enzyme, as shown by paper chromatograms. 

3 Obtained through the courtesy of Mr. John Lathe of The Glidden Company- 
The analj^tical data were also furnished by The Glidden Company and are in qui c 
good agreement with those of Scholfield cl al. (15). 
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and 2 ml. of glacial acetic acid, then using the upper phase. Butanol- 
acetic acid (Solvent II) consisted of 4 volumes of 7i-butanol, 1 volume of 
glacial acetic acid, and 1 A'olume of water. 0.2 per cent ninln'drin in water- 
.‘saturated 7i-butanol was used as a color reagent. 

Digests for chromatograph}* were prepared in a manner designed to 
concentrate the end-product.s. For example, 10 mg. of the cottonseed 
enzj'inc were incubated for 6 hours with 100 mg. of lecithm RG in the 
presence of 0.4 .u XaCl and 0.1 phosphate buffer at pH 5.9. (The total 
volume was 2.5 ml.) Boiled enzjTne was used for the control. The digest 
was acidified, e.xtracted nith ether, and 2 ml. of the aqueous phase were 
evaporated to 0.2 ml. 5 /jL of the concentrate were then applied to the 
paper. The digests contained appreciable amounts of NaCI, but this did 
not interfere in the preparation of chromatograms suitable for showing 
ethanolamine and serine. 

HESUUTS A>n> DISCUSSION* 

Enzijme Preparations 

Cabbage Enzyme — The enz 3 *me from cabbage leaves was prepared b}* 
homogenizing fresh leaves, from which the center ribs had been removed, 
with an equal weight of water, saturating the press juice therefrom with 
XaCl, and dialyzing the resulting precipitate against distilled water as in 
Step B below. The suspension was then l 3 ’-ophilized to 3 de]d a stable 
pale green powder. 

Cottonseed Enzyme. Step A; Crude Extract — Cottonseed meab was 
extracted with he.xane and air-dried. The meal was ne.xt disintegrated 
vith water (8 to 12 ml. per gm.) in a colloid mill, and the pH was adjusted 
to 8.2 to 8.4 with XaOH. After standing in the cold 2 hours, the mixture 
was centrifuged at 800 X g to remove the larger particles. 

Step B; NaCl Precipitate — ^The crude e.xtract was saturated with NaCl 
and allowed to stand 4 hours in the cold. The precipitate was collected 
b}’’ 40 minutes centrifugation at 26,000 X g (average centrifugal force) 
and dialyzed overnight against 400 volumes of cold distiUed water. The 
precipitate does not dissolve appreciabi}*. 

Alternative Step B; Elution from Calcium Phosphate Gel — The crude e.x- 
tract from cottonseed was treated with twice its volume of calcium phos- 
phate gel at pH 6.1, and the gel eluted with 0.07 xi phosphate buffer at 
pH 8.2. The eluate was diab'zed overnight against 50 volumes of cold 
distilled water and Rmphilized. The preparation does not precipitate on 
diaR’sis. 

< Cottonseed “meats” specially prepared without heating were obtained through 
the courtesy of Dr. Willy Lange of The Procter and Gamble Company. 
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Step C; Second Extract — Tlic contents of the dialysis bag (from Step B) 
were extracted witli distilled water at a slightly alkaline pH and centri- 
fuged 20 minules at 26,300 X g. Tlie clear supernatant liquid was ad- 
justed to pPI 8.0 and b’^ophilizcd. While wet, the enzyme was unstable, 
but the dry preparations retained their activit}'’ completely in cold storage 
for at least 4 mouths. 

Tile degree of enzyme purification achieved is summarized in Table I. 
All values are averages of at least two determinations. 


Tablk I 

Steps in Pxirificalion of Cottonseed Phospholipase D 


EnzjTtic preparation 

Specific activity 

Yield 

Defatted mealf 

tinils' per mf, 
tubjtance 

0.22 

5.9f 

19.0 

9.1 

units' per fm. mini 

220 

344 

! 384 

1 357 

157 

Step A; crude extract 

“ B; NaCI ppt., Ij'ophilized 

“ C; 2nd e.xtract 

Alternative Step B; calcium phosphate gel 


* For brevity, the activity has been e.xprcssed in units defined as follows: 1 unit 
corresponds to the release of 1 7 of ethanolamine nitrogen in 15 hours at 25° in 0.10 
K phosphate buffer at pH 5.9. The system contained 60 mg. of enzjane preparation 
and 200 mg. of lecithin EG in a total volume of 4.0 ml. 

t Prepared bj'- mi.\ing the meal with 0.10 si phosphate, pH 5.9. Increasing j’ields 
might be attributed to a pH difference between this and the other preparations, al- 
though the presence of an inhibitor is not e.xcluded. 

t The usual preparation from cabbage leaves corresponding to this step had a 
specific activity of 5.0 units per mg. 

Cottonseed phospholipase D has thus been obtained in an aqueous 
fraction which is not sedimented by 20 minutes centrifugation at 26,360 X 
g, in contrast to cabbage phospholipase D which is in the cbloroplast 
fraction (10). Since various authors give values from 10,000 to 20,000 X 
g as sufficient for the removal of plastids and mitochondria (20, 21), it is 
felt that the cottonseed phospholipase D is soluble, or at least a very small 
particle. 

By way of a further distinction between the two enzymes, the enzyme 
from cabbage leaves has been found to be potently activated by saturation 
of the aqueous medium Awth diethyl ether (10). Under corresponding 
conditions, we found the cottonseed enzyme to exhibit only 70 per cent oi 
its normal activity. It is plausible that the particulate nature of the 
cabbage preparation is responsible for this difference in properties. 

pH Opiimimi — The pH observed as optimal was essentially^ the same 
with preparations from both cottonseed and cabbage, as .show in Tig. T 
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Calibralton of Assay — ^The relation between the ethanolamine liberated 
at pH 5.9 and the amount of enzyme present is shown in Fig. 2; that be- 
tween obser\-ed acthdty and amount of substrate in Fig. 3. These findings 
for the release of ethanolamine are similar to the residts of Kates (10) 



Fig. 1. pH dependence of phospholipase D activity. One preparation from cab- 
bage leaves (X), and two preparations (Step B, Ij-ophilized) from cottonseed (O, 
• ). The ethanolamine measured was that released in 15 hours at 25° by 60 mg. of 
enzyme preparation from 200 mg. of substrate in 0.07 to 0.10 ii phosphate buffer. 
Total volume 4.0 ml. 

Fig. 2. Dependence of activitj' on concentration of enzjTne. Liberation of etha- 
nolamine by cottonseed preparation (Step C) (O) was measured after 2 hours at 30° 
(400 mg. of lecithin RG, total volume 10.0 ml.); by cabbage leaf preparation (X) 
after 15 hours at 25° (150 mg. of lecithin RG, total volume 4.0 ml.). 0.10 ii phos- 
phate buffer at pH 5.9 was employed. 

for the release of choline by the cabbage enzyme. With the Lineweaver- 
Burk equation (22), an apparent Michaefis constant of 2.1 X 10“- maj- 
be calculated for cabbage phospholipase D by using the data of Fig. 3. 

Stability Studies — ^The thermal stability of the cottonseed enzjTne was 
determined by assays after 5 minute exposures to various temperature 
levels in 0.07 m phosphate buffer at pH 5.9. The results (Fig. 4) indicate 
that the enzjTne possesses no unusual heat stability.® The thermal 
stability of the cabbage enzyme has been extensively studied elsewhere 
(5, 10); it was not studied on these preparations, but it was noted that 
their enzymatic activity was destroyed by brief boifing. 

The pH range of optimal stability of the cottonseed enzj-me was tested 
by exposure at room temperature for 4.5 hours. It proved to be rather 

6 This observation does not necessarily appl 3 ’’ to the stability in the whole seed, 
where lipides are high and water relatively low. The question has been of some in- 
dustrial importance. 





218 


COTTONSi;]']) AND OAUHA(!K IMIOSI’IIOUPASIO D 


broad, there being less (ban JO j)er cent destructioji of the enzyme between 
pll G.40 and 8.75. Despile ils wide range, the ])H of optimal stability 
docs not coincide wilh Ihc pH of optimal activity. 

Specifiaiy — Compared with the amount of nitrogenous base liberated 
by our cottonseed preparations, the liberation of inorganic phosphate was 
quite small. The concomitant release of choline, ethanolamine, and in- 
organic phosphate is reported in 'Fable IT. 'Fhe preparations arc thus 



MG SUBSTRATE / ML TEMPERATURE IN °C 

Fig. 3 Fig. 4 

Fig. 3. Dependence of activity on concentration of lecithin RG with cottonseed 
preparation (O) and cabbage leaf preparation (X). The cottonseed preparation (20 
mg., Step C) was incubated for 2 hours at 30° and contained 0.10 m phosphate, 0.5 
M NaCl, in a volume of 4.0 ml. at pH 5.9. The cabbage enz 3 ''me (equivalent of 33 
gm. of leaves) was incubated for 9 hours at 25° in 0.07 m phosphate, in a volume of 
4.0 ml. at pH 5.9. 

Fig. 4. Thermal inactivation of cottonseed phospholipase D. Per cent activity 
remaining after 5 minute exposures at the indicated temperatures. Ethanolamine 
released in 15 hours at 25° from 200 mg. of lecithin RG by 60 mg. of cottonseed phos- 
pholipase D (Step B), in 0.07 m phosphate, in a volume of 4.0 ml. at pH 5.9. 

shown to give an effect typical of phospholipase D, with very little sub- 
sidiary phosphatase action.® In like manner, there is little free fatty acid 
released (Table II), indicating that the preparation is relativelj'’ free from 
lipase or phospholipase A action. 

An interesting but still open question about phospholipase D concerns 
its substrates among the phospholipides. The cabbage and carrot prep- 

« For similar data on cabbage preparations, see Hanahan and Chaikoff (5) and 
Kates (10), where the results are quite similar to those reported here for the cotton- 
seed enzyme. 
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arations used by Hanaban and ChaikofT ( 4 , 5 ) liberated choline from a 
mixture of phospholipidcs; similar (but not identical) preparations were 
observed to liberate either ethanolamine or serine by a method in which 
both are measured ((S), also this paper). It follows from Table II that 
the enzjnne from cottonseed hj'drolyzes both lecithin and phosphatid\'l 
ethanolamine. The cabbage enzj'me also acts on both of these substrates. 

Chromatograms prepared from the substrate after acid h3-drolysis (6 
hours boiling in 2.5 x HCl) indicated that little or no serine was present 
(Fig. 5 ). The existence of phosphatid3'l serine in ‘‘soy bean lecithin” has 


Table II 

Action of Cottonseed Phospholipase D on Soij Bean Lecithin RG 



Release of pbospholipide bydrolysis products 

1 Erperiment A 

Experiment B 

ftmoles 

MoJes released 

;jmoles 

Moles released 

ilolcs total X released 

Moles total X released 

Inorganic P 

0.26 

0.05 



Free fatt 3 ' acid* 



1.4f 

0.13 

Ethanolamine N 

1.7 

0.35 

3.3 

0.31 

Choline X 

3.2 

0.65 

7.4 

0.69 


Experiment A, 4 mg. of cottonseed phospholipase D (Step C) incubated 2 hours 
at 30° with 40 mg. of lecithin RG in 0.10 m acetate buffer at pH 5.9. Total volume 
1.0 ml. Experiment B, same as Experiment A except in 0.10 M phosphate buffer, 
pH 5.9, and in the presence of 0.4 xi XaCl as an activator. All values are an aver- 
age of at least two determinations. 

* Calculated as linoleic acid. 

t The e.xperimental results were 5 times larger than shonm. All ingredients were 
increased 5-fold because of the limits of the method. 

been postulated on occasion, but seems to be dubious. Scholfield’s ( 15 ) 
separation of 803’- bean phospholipidcs did not rule out the presence 
of serine, because his method of anab'^sis did not distinguish between 
ethanolamine and serine. In order to identif3'’ the Jiitrogenous base re- 
leased b3’' the enz3^mes, S03' bean lecithin RG, the usual substrate, was 
digested with enz3Tne preparations from both sources. The resulting 
material was then examined b3^ paper chromatograph3'. Paper chromato- 
grams developed with a variet3" of solvents alwa3''s showed spots corre- 
sponding to ethanolamine, but never to serine, in the digests of both 
cottonseed and cabbage phospholipase D. These were deinloped with 
several solvents as one-dimensional chromatograms, and also as two- 
dimensional chromatograms with n-butanol-acetic acid (Solvent I), fol- 
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loA\c(l 1)3'^ oitlipr of Iho olhor .solvonts floscT’ibod. However, cleavage of 
phosphalicl^d serine cannol be eliininalecl as a properly of the enzymes, 
but it is not a factor in this case. 



Fig. 5. Chromatogram of an acid liA'^drob'sate of lecithin RG. E, known ethanol- 
amine; S, kno^^n DL-serine; A, 5 /[/I. of hj’^drolj'sate; A', 10 /il. of hj'drolysate. De- 
veloped vith ri-butanol-acetic acid-water (4;1:1); sprayed with ninlij^diin. The 
lowest (third) spot on i? -f jS appears to be a contaminant of redistilled ethanol- 
amine. 

Effect of NaCl — A curious effect of NaCl Avas observed on cottonseed 
phospholipase D. With the routine preparation, the presence of 0.4 m 
N aCl gaAm 60 to 75 per cent actiA'^ation and tended to give greater activa- 
tion Avith increasing time of digestion. On the other hand, Avith a prep- 
aration made Avith calcium phosphate gel (alternatiA^e Step B), 0.4 M 
NaCl gaA'-e 118 per cent actiAmtion during a 15 hour incubation (Table III), 
but during a 2 hour incubation it inhibited the phospholipase D, the degree 
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of inhibition varying vnth the salt concentration. This reversal of effect 
might be due to some protective action of the salt during the longer in- 


Tabi.!: Ill 

Efcct of XaCl on Cottonseed Phospholipase D 


Eni\Tnc prcTtaration 

Length of incuhilion 

X.iCl 

Per cent chinge in 
activity 


1 



step C 

2 

0.5 

-b60 


o 

0.4 

-b64 


3 

0.4 

+7i 

Altern.ative Step li 

2 

0.001 

0 


2 

0.01 

0 


2 

0.10 

-39 


2 

0-5 

i -31 


2 

1.0 

0 


15 f 

0.4 

I -bllS 


The complete system contained 20 mg. of cnzjme, 200 mg. of lecithin KG, and 
NaCl in 0.10 m phosphate, pH 5.9, in 4.0 ml. total volume. The incubation tempera- 
ture mas 30’ except in the 15 hour assay, mhich mas at 25’. 



GRAMS CABBAGE LEAF 
PROVIDING ENZYME 


activity to amount of cabbage enzyme used. Ethanolamine 
related in 15 hours at 25° from 150 mg. of lecithin RG in 0.07 m phosphate buffer 
at pH 0.9. Total volume 4.0 ml. Undialyzed HaCl precipitate (O) ; dialyzed NaCl 
precipitate (•). For details see the te.vt. 


cubation. Our preparations of cabbage phospholipase D tvere also ac- 
tn ate^ j i aCI, 1.0 m NaCl giving 22 per cent activation during a 15 
hour incubation, but inhibition by NaCl was not observed under the 
conditions employed. 
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Naturally Occurring Inhibitor — Tlie enjiyinc in cabbage leaves appears to 
be accom])anied b}^ a material inhibitory llicrcto. In the case of the 
precipitate obtained from cabbage leaf juice with NaCl, large doses of 

Table IV 


Effect of Inhibitor from Cabbage Leaves 


Enzyme preparation 

1 

Corrcst)ond- 
inp weiplit of 
c.nbb.isc 
Ic.ivcs 

Inhibitor 

Hc.it tre.itment 

Weight 

Per cent 
change in 
activity 


jfW. 


fJiS- 


12 mg. cal)bage preparation 

2.0 

Boiled 2 min. 


-02 


2.0 

1 


-72 


2.0 


50 

-34 


2.0 


50 

-45 


2.0 

Boiled 3 min. 

50 

-24 


2.0 

Ashed 

4.4 

-f30 


2.0 

<1 

4.4 

-f33 

2 mg. cottonseed (Step C) 

2.0 


50 

+15 


2.0 


50 

+29 





— 


The complete system contained enz 3 'me, inhibitor, and 40 mg. of lecithin RG in 
0.10 Rt phosphate buffer, pH 5.9, in a total volume of 1.0 ml. The ethanolamine re- 
leased was measured after 15 hours incubation at 25°, 


Table V 


Comparison of Phospholipase D from Cottonseed and Cabbage 



Cottonseed 

Cabbage* 

Physical state 

Withstands 26,360 X g 

Particulate (10) 

pH optimum 

pH 5. 0-6.0 

pH 5.0-6.0 

Digestion of lecithin 

Occurs 

Occurs (5, 10) 

“ “ phosphatidyl 

it 

(t 

ethanolamine 



Release of inorganic P and 

Low 

Low (5) 

free fatt}' acids 



pH stabilitj" 

pH 6.4-8.75 

1 Destro 3 "ed by boiling, 
but see (5) for con- 
trar 3 ’- finding 

Thermal stability 

Destro 3 ’ed at 70° 

1 

Activation bj' NaCl 

Occurs 

Occurs 

Inhibitor in cabbage 

Not inhibited 

Inhibited 

Activation by dieth 3 d ether 

“ activated 

Activated (10) 


* The figures in parentheses refer to the bibliography. 
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material prior to dialysis had less effect than smaller doses, as shown in 
Fig. 6. After dial^vsis this effect disappeared, and the inhibitory material 
could be recovered from the diffusate. Thus when cabbage press juice was 
brought to pH 2 to 3 and dialyzed against distilled water, wliich was then 
evaporated to drjmess at low temperature, a solid was obtained. li^Tien 
dissolved in water and adjusted to pH 5 to 6, the solid exhibited inhibitorj^ 
power, as shown in Table IV. 

The inhibitory material is sIowl 5 ' destroyed bj' boiling and completel}" 
destro 3 'ed bj' ashing; the inorganic ash produces instead a small activation 
(Table lY). It is plausible that the inhibitoiy material from cabbage 
contains activating salts and an organic inhibitor which overcomes them. 
It should be noted that the inhibitorj- effects seen are small, considering 
the amounts necessaiy to produce inhibition. 

The material from cabbage did not inliibit the cottonseed enzjune 
(Table IV). The cottonseed activation niay well be due to the salts 
present in the "inhibitory” material. 

The discussion of a purely descriptive studj^ must necessarily concern 
itself ndth details. The similaritj’- of phospholipase D in cottonseed to 
that in cabbage leaves is striking. The principal differences obseia^ed 
between the beha^dor of the enzj'me in the two preparations can well be 
attributed to particle size (or solubilit 3 ’’). A comparison of these prepara- 
tions is presented in Table V. Whether the simi]arit 3 ’’ bespeaks a common 
function must ob\dousl 3 ’- await further stud 3 '. 

sraaiAnT 

An enzyme which releases ethanolamine and choline from phospholipides 
is reported in cottonseed. It is obtained as a stable dry product with a 
specific acthity against phosphatidyl ethanolamine 86 times that of 
defatted cottonseed meal. An aqueous solution of the enz 3 me withstands 
a centrifugal force of 26,360 X g for 20 minutes. This is the first report 
of an apparently soluble phospholipase D. 

The similar enz 3 me from cabbage is shown to release ethanolamine from 
phospholipide. An inhibitor in cabbage juice is described. 

The pH optimum, thermal stabilit 3 ’', and the effects of dieth 3 i ether and 
of NaCl on the cottonseed enz 3 me are described and compared to those of 
the cabbage enzyme. 
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A preliniinarj’^ experiment some 3'ears ago showed tliat fumaric acid 
supplied to tobacco leaves bj* the leaf culture technique readilj’- enters into 
the organic acid metabolism (1). Both malic and citric acids increased 
markedlj', and the group of undetermined acids, in which anj' excess of 
fumaric acid present would have been included, increased to onlj" a small 
extent. The effects were in general quite similar to those observed when 
succinic acid was administered in the same way. The development of 
chromatographic methods for the determination of organic acids in plant 
extracts (2) and the improved sampling methods now emplo3’’ed have re- 
cently made it possible to reinvestigate the behavior of fumaric acid in 
greater detail under better experimental conditions. In addition, the 
study has been extended to a consideration of the influence of the isomeric 
substance maleic acid upon the organic acid metabolism of tobacco leaves. 

No pre\dous test of the effect of the administration of maleic acid to 
leaves has come to our attention although there are a few records of experi- 
ments with this substance in other connections. For example, Greulach 
(3) observed that ^mung bean or sunflower plants dipped for a short time 
into 0.015 M solutions of sodinm maleate subsequentlj’- exhibited an en- 
hanced rate of growth. Lundegardh (4) fovmd that the respiration of 
young wheat roots is stimidated when they are immersed in a 0.002 m solu- 
tion of potassium maleate at pH 6.8, the stimulation being somewhat 
diminished in the presence of C5'anide. Thimann and Bonner (5) have 
noted that the inhibition of the growth of Avena coleoptiles bj’- iodoacetate 
is relieved by a nmnber of organic acids, maleate being one of the moder- 
ately effective ones, and McRae, Foster, and Bonner (6) have made use of 
0.0025 M potassium maleate buffer solutions at pH 4.5 in their studies of 
the effects of auxins on the growth of coleoptiles. Such obseiwations as 
these indicate that dilute solutions of salts of maleic acid are not toxic to 
plant tissues and that the acid maj' have definite effects upon the general 
metabolism; in fact, Sacks and Jensen (7) have presented evidence for the 
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conversion of maleic acid info malic acid by an enzyme preparation from 
maize kernels. 

On llio other liand, maleic acid is a recognized inhibitor of the activity 
of certain enzjancs, presumably' because of its capacity to react with thiol 
groups under pliy'siological conditions (S). However, enzymes differ 
widely in tlieir sensitivity to maleic acid, the succinic acid oxidase system 
of pigeon brain tissue, for example, requiring a far liigher concentration for 
.significant inhibition tlian j^ynjvic acid oxidase from the same source (9). 
Furtlicrmore, ample time must be allowed for the interaction with maleic 
acid to take place if inhibition is to become pronounced. 

The present experiments have shown tliat fumaric acid is taken up by 
tobacco leaves from 0.2 iu solutions at pH 5 or 6 in somewhat 
smaller amounts than succinic acid under similar conditions. Maleic acid 
is taken up in much larger amounts. As was found in the earlier test, 
fumaric acid seems to behave, with respect to its influence upon the me- 
tabolism of malic and citric acids, in a manner similar to that of succinic 
acid, for it was extensively metabolized and the production of citric acid 
was greatly stimulated. Maleic acid, however, although it ivas also me- 
tabolized to an appreciable extent, depressed the formation of citric acid. 
In the presence of either fumaric or maleic acid, the extent to which malic 
acid was used up in the metabolism was greatly diminished. The evidence 
indicates, furthermoi’e, that maleic acid made a significant contribution 
to the I'espiratory loss of organic solids from the system. 

EXPERIMENTAL 

Samples of twenty leaves each, ten in number, were collected by the 
statistical method (10) on Septembei’ 22, 1953, 55 days after the seedlings 
had been set out in the greenhouse. The species 'was NicoUana iabacum 
var. Connecticut shade-growm, although, in the preliminary experiment 
(1), NicoUana rustica had been used. The coefficient of variation of the 
fresh weight of the samples was 1.6 per cent, that of the total nitrogen 2.0 
per cent. One sample was dried at once for analy'sis, three were cultured 
for 24 hours, respectively, in ivater, in 0.2 m potassium fumarate at pH 5, 
and in 0.2 M potassium fumarate at pH 6, and three for 48 hours under the 
same conditions. In addition, three samples were cultured for 48 hours, 
respectively, in 0.2 ai potassium maleate at pH 5, in 0.2 m potassium ma- 
leate at pH 6, and in 0.2 m potassium succinate at pH 5, the last to serve 
as a basis of comparison. The dark room was held at 24° and 50 per cent 
relative humidity during the culture period, and all samples were dried at 
80° in a ventilated oven and subsequently equilibrated with air at 24° and 
50 per cent relative humidity in preparation for analysis. 

The leaves cultured in water, in fumarate, and in succinate maintained 
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their turgiditj* and increased somewhat in fresh weight (Table I, Line 1) ; 
all appeared to have been substantial!}’- unharmed. The leaves cultured 
in maleate, however, soon became flaccid, and in 4S hours had lost nearly 
one-half of their initial fresh weight; the}' became extremely thin and 
fragile and only the midribs retained any turgidity. The physical behav- 
ior was quite similar to that of tobacco leaves cultured in oxalate (11). 

The anal}i:ical data were obtained by methods that have been described 
in recent bulletins from this Station (12, 2), and the results for the samples 
cultured for 48 hours are collected in Table I. The data for the samples 
cultured for 24 hours are omitted since they merely showed that the various 
changes m composition, although usually more extensive during the first 
24 hour period than in the second, continued throughout. 

The increases of the ash (Line 3) in the leaves cultured in fumarate did 
not differ greatly from those in the leaves cultured in maleate, but, o-wing 
to differences in uptake of the acid, the increases in the corrected organic 
solids (Line 5) were widely different. The uptake of each of the three 
acids (Line 7) was computed from the respective increase in the alkalinity 
of the ash (Line 6) -with the use of factors calculated from the dissociation 
constants of each acid. Since approximately 90 per cent of fumaric acid 
is neutralized at pH 5 and 99 per cent at pH 6, the data for fumaric acid 
are probably reliable. Maleic acid, however, is only approximately 53 
and 69 per cent neutralized at these two acidities and succinic acid is onh* 
54 per cent neutralized at pH 5 ; the accuracy of the data derived v'ith use 
of these quantities is accordingly somewhat less certain, but the figures 
nevertheless pro-vide reasonably close estimates. 

Malic acid (Line 10) diminished and citric acid (Line 11) increased in 
the control leaves cultured in water in the manner to be anticipated from 
pre%dous studies, although more extensively than is sometimes seen. This 
particular lot of tobacco leaves was apparently characterized by an un- 
usually vigorous organic acid metabolism. When cultured in fumarate, 
the loss of malic acid from the leaves was only about one-quarter as great 
as in the water control, but the increase in citric acid was nearly doubled. 
Culture in succinate brought about an increase both in malic acid and in 
citric acid, but the increase in citric acid, as compared with that of the 
water control, was only a little more than half as great as the increase stim- 
ulated by culture in fumarate. It is clear that both succinic and fumaric 
acids share the capacity to stimulate the formation of citric acid in tobacco 
leaves. The difference between them appears in part at least to be refer- 
able to the relative amounts of these acids taken up by the leaves under 
the experimental conditions (Line 7); at pH 5, only about three-quarters 
as much fumaric acid was taken up as succinic acid, and, accordingly, less 
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Tabi.k I 

Effect of Cullure in 0.2 Solution!! of Potassium Fumarate, Malcatc, and Succinate 
upon Composition of Excised Tobacco Leaves 
Data expressed in gm. or milJiequivalenls per kilo of initial fresh weight of leaves. 

I rii.inKc<; (liirini; culture in d.irkncss for -IS hrs. 


fotas-sium fum.Tr.itc Potassium m.ile.ite 


Potassium 


1.115 pllfi pH 5 pH 6 pH 5 
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substrate Avas available for the presumed transformation into citric acid. 
As a result, some of the malic acid originally present in the leaves was 
drawn upon when fumaric acid was supplied. This did not occur when 
succinic acid was made available. As compared with the beharior of the 
water coiitrol, fumaric acid maj*, therefore, be said to have "spared” the 
utilization of malic acid, whereas succinic acid apparentl}' made a direct 
contribution to the quantity of this substance present. This interpreta- 
tion of the beha^’ior of fumaric acid is rendered the more probable in the 
light of the early preliminary experiment (1) in which stimulation of the 
formation of both malic and citric acids occurred to about the same extent 
in leaves cultured either in fumarate or succinate at pH 5.5. Nevertheless, 
the interpretation is dependent upon the assumption that fumaric acid is 
transported out of the lumina of the vascular system of the leaf into the 
cells as readily as succinic acid appears to be. 

Malic acid diminished in the leaves cultured in maleate at pH 5 to about 
the same extent as in the leaves cultured in fumarate at the same reaction, 
i.e. malic acid may seem again to have been "spared”; nevertheless, the 
formation of citric acid in the culture at pH 5 was less than one-half of 
that in the water control and was also appreciably diminished in the cul- 
ture at pH 6. The general course of the organic acid metabolism must, 
therefore, have been fundamentally altered by the influx of this substance. 

Oxalic acid was not affected notably; the changes were all small and near 
the limit of measurement. However, the increase of 3.9 m.eq. in the leaves 
cultured in water correlates with the manifestly high level of general met- 
abolic actmty in this lot of leaves. The similar increases in the leaves 
cultured in fumarate point to the same conclusion, and it was noted that 
the increases in the leaves cultiued for 24 hours either in water or in fuma- 
rate were nearly as large. The increase of oxalic acid in the leaves cul- 
tured in succinate was, however, negligible. A hint is prordded that the 
availability of a large amount of exogenous substrate in this case dimin- 
ished the metabolic load upon the unlmown substance which is normally 
converted into oxalic acid during the culture period. The increases of 
oxalic acid in the leaves cultured in maleic acid were intermediate between 
the effects upon the leaves in fumarate and succinate, and this is true also 
of the amounts of acquired acid which were metabolized during the culture 
period. 

Line 13 shows the amounts of fumaric, maleic, and succinic acids found 
in the leaves cultured in these respective acids. Neither fumaric nor 
maleic acid could be detected in the control sample, and succinic acid was 
present in only a trace estimated to be 1 m.eq. per kilo. Furthermore, no 
fumaric acid could be detected in the samples cultured in either succinic 
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or maleic acid.' Comparison of tlic data in Line 13 with the data for up- 
take in Line 7 sliows that approximately one-half of the fumaric acid ac- 
quired by the leaves was metabolized at both pH 5 and 6. Maleic acid was 
also moderatelj'^ avcII utilized at both pll 5 and G, but, .since the uptake was 
much greater than that of fumaric acid, the proportions that entered into 
metabolic reactions were smaller. Succinic acid was, as would be antici- 
pated from previous results, nearl}’’ completely metabolized. 

The Unknowm Acid A in Line 14 represents a component which is eluted 
fi’om the Dowe.x 1 anabdical column togctlier with citric acid. Citric acid 
is determined by a pent abromoacet one method (13) in the pooled fractions, 
and the dilTcrcnce between the titratable acidit 3 ’^ of these fractions and the 
citric acid found in them furnishes an estimate of the quantity of the un- 
known acid present. It is a substance which occurs in tobacco leaves in 
amounts almost comparable with those of citric acid (cf. Table I, column 
1) and appears to have been drawn upon during culture of the leaves in 
fumaric acid. It increased materiallj'- in the leaves cultured in maleic 
acid, but did not change significant^’- in those cultured in succinic acid. 
Even though the accurac^'^ with wliich this acid can be determined may not 
be great, since its stability under the conditions of the anabdical method 
is not known, the presence of a substance which may pla}^ an active part 
in the organic acid metabolism is clearly indicated. 

The i-emaining titratable acidity shown as undetermined acids^ in Line 

1 The analj’tical method involves elution of the organic acids from a column of 
Dowex 1 -ndth a continuous!}’ increasing concentration of formic acid starting at zero 
and approaching 3.5 N. Fumaric acid is eluted immediately after citric acid and, if 
present, forms a clearl}’ defined peak on the titration curve. Maleic acid requires 
the use of a considerabl}’ higher concentration of formic acid for convenient elution 
(approaching 6 n) and, even so, is first eluted many fractions after citric acid. 

° The data for “undetermined acids” represent the sums of the titrations of t 
fractions which are eluted b}’ formic acid fi’om the Dowex 1 analytical column in a 
vance of malic acid. The present “undetermined acids” fraction is usually a mm 
smaller quantity than has been reported under the same designation in earlier papei 
and maj’ thus give the misleading impression that the composition of the tobac 
leaf with respect to organic acids is nearly completely known. The difference ans 
from the chromatographic technique now used to determine the so called “tot 
organic acids.” This method yields data of highly satisfactory precision despite i 
empirical nature (2). 

In explanation, it may be pointed out that such substances as aromatic phenol 
acids, phosphorylated organic acids, and phosphoric and sulfuric acids (as well i 
oxalic acid) are retained quantitatively by the Dowex column as ordinarily operate 
Such possible components of the tissue as pyruvic, oxalacetic, glycolic, glyoxyh 
glyceric, and a-ketoglutaric acids, if still present in the dried leaves, are eluted, hi 
are in part or even entirely destroyed or lost during the evaporation of the form 
acid in a stream of air at 48° in preparation for titration. Thus, many of the possi 
components that were previously wholly or in part included in the titration betwee 
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15 increased sliglitlj’- in all of the samples except the water control. This 
fraction comprises a mixture of about seven components of which only 
D-glj'ceric acid and succinic acid have been identified. 

The beha^^or of the protein nitrogen (Line 16) shows the anticipated 
stimulation of protein metabolism in the leaves cultured in fumarate or 
succinate as compared with the water control. The unusual observation 
is that less protein nitrogen disappeared from the leaves cultured in maleate 
than from the water control. The small quantity of starch present (Line 
17) was nearlj’- completely metabolized in all of the samples. 

DISCUSSION 

Metabolism of Fumaric and Maleic Acids — Data are assembled in Table 
II from which certain conclusions can be drami regarding the fate of fu- 
maric and maleic acids in comparison with that of succinic acid when these 
substances are acted upon b}' the enz 3 Tne sj^stems of tobacco leaves. Line 
1 shows the differences (rounded to two figures) between the quantities of 
the respective acids taken up (Table I, Line 7) and the quantities found 
in the tissues after 48 hours (Table I, Line 13). These differences repre- 
sent the amounts of the three acids which disappeared as such and accord- 
inglj’- must have entered into the metabolism. The ratios to the respec- 
tive uptakes are shown as percentages in Line 2, and it is clear that both 
fumaric acid and maleic acid are proportionate!}' much less extensively 
metabolized than succinic acid. It is known from pre\"ious work that ap- 
proximately 90 per cent of the .succinic acid .supplied at pH 6 under similar 
conditions is also metabolized (14), and it would thus appear that the ex- 
tent to which both fumaric acid and succinic acid enter into reaction in the 
tobacco leaf system is not particularly sensitive to pH in the range between 
pH 5 and 6. This is not true of maleic acid, and, if the factors used in 
computing the uptake are reliable, it is of importance to note that less 
maleic acid was taken up at pH 5 than at pH 6, that a smaller quantity of 
this substance was metabolized at pH 5 than at pH 6, and that a smaller 
-proportion of the amount taken up was metabolized at pH 5 than at pH 6. 
Exactly the converse of these three statements has been almost invari- 
ably found to be true for malic acid and citric acid, and, within narrow 
limits, for both fumaric and succinic acids. On these grounds alone, 
maleic acid is seen to behave in an exceptional manner. 

The data for respiration loss (Table II, Line 3) represent the quantities 
obtained by subtracting the small increases in the organic solids of the 
tissues, after correction for the carbon dioxide of the ash (Table I, Line 

arbitrarily selected pH limits of the material extracted by ether from acidified tissue 
are no longer included in the present so called “total organic acid” fraction. It is 
hoped that an adequate definition of this quantity may ultimately be obtained. 
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5), from the amounts of acid taken up by cacli sample (Table I, Line 8). 
Comparison with the respiration loss from the control sample cultured in 
ivater, u'hicli is merely the corrected loss of organic solids, shows that the 
general respiration was stimulated about 60 per cent in the leaves cultured 

Table II 


Mclaholism of Fumaric, Maleic, and Succinic Acids hy Tobacco Leaf System 
Data expressed in terms of 1 kilo of initial fresh weight of leaves. For explana- 
tions of the derivation of those quantities, see the text. 


Li lie 
No. 


Water 

rot.assium 

/umar.Tte 

Potassium 

m.ikatc 

Potas- 

sium 

succinate 




pIIS 

I.U 6 

pUS 

pH 6 

pH 5 

1 

Acquired acid metabolized, 
m.eq. 


84 

81 

51 

120 

209 

2 

Acquired acid metabolized, as 
% of uptake 


49 

52 

18 

37 

92 

3 

Respiration loss, gm. 

5.5 

8.3 

8.4 

8.4 

9.7 

11.6 

4 

Loss of organic acids, m.eq. 

8.1 

5.9 

2.5 

32 

59 

87 

5 

“ " " " gm. 

0.5 

0.34 

0.15 

1.9 

3.4 

5.1 

6 

Acquired acid converted into 
different acid, m.eq. 


78 

79 

19 

61 

122 

7 

Acquired acid converted into 
different acid, mmoles 


39 

39.5 

9.5 

30.5 

61 

8 

Loss of malic acid, mmoles 

+31.3 

+8.5 

+8.6 

+9.4 

+6.8 

-19.2 

9 

Sum, Lines 7 and 8, mmoles 


47.5 

48.1 

18.9 

37.3 

41.8 

10 

Increase of citric acid, mmoles 

16.7 

32.3 

30.6 

7.2 

13.7 

24,7 

11 

Ratio of sum to increase of 
citric acid 

1.9 

1.5 

1.6 

2.6 

2.7 

1.7 

12 

Sum, A malic + A citric acids, 
m.eq. 

-12.5 

+79.8 

+74.7 

+2.9 

+27.4 

+112 

13 

Acquired acid converted into 
acid other than malic or 
citric acid, m.eq. 


-1.6 

+4.1 

+17 

+33 

+10 

14 

Uptake of 0.2 m solution, ml. 


426 

394 

724 

812 

489 

15 

Change in fresh weight, gm. 

+167 

+78 

+54 

-489 

-469 

-1-129 

16 

Transpiration, ml. 


348 

340 

1210 

1280 

360 


in fumaric or maleic acid and about 100 per cent in those in succinic acid. 
No distinction between the effects of fumaric and maleic acids can be 

drawn. _ 

Line 4 of Table 11 shows the apparent losses of organic acids from the 

several systems. The data are the differences between the amounts of 
acid taken up (Table I, Line 7) and the corresponding increases in total 
organic acid acidity (Table I, Line 9), and are expressed in gm. in Line 5. 
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It is assumed that no significant fraction of the metabolized organic acid 
was converted to substances which arc unstable or volatile under the con- 
ditions of the analjdical method. The apparent losses from the leaves 
cultured in fumaric acid were negligiblj’’ small, and, if the sampling and 
analjdical errors are taken mto consideration, suggest that, whatever the 
metabolic fate of the fumaric acid acquired bj" the leaves may have been, 
decarboxylation or other reactions which involve loss of base-binding 
capacity plaj-ed little if auj^ part in what occurred. 

The situation is quite different with both maleic and succinic acids. 
Substantial losses of titratable acidit 3 ’^ took place and, if the highl 3 ’’ probable 
assumption is made that the observed losses actuall 3 ^ fell upon these two 
substances, about 60 per cent of the maleic acid which was metabolized 
at pH 5 and 50 percent of that metabolized at pH 6 disappeared completel 3 ’^, 
as well as 40 per cent of the succinic acid wliich was metabolized at pH 5. 
Both of these acids accordmgl 3 ' entered e.xtensivel 3 ’’ into reactions which 
involved decarbox 3 ’’lation. There is no e\ddence regarding the nature of 
the other products of such reactions although they ma 3 ' well have con- 
tributed to the respu'ator 3 ’- loss. 

Another aspect of the metabolism of these acids is shown in Lines 6 to 
11 of Table II. If from the quantities of acquired acid which were me- 
tabolized (Line 1) are deducted the quantities of organic acid acidit 3 ^' which 
disappeared entirel 3 - (Line 4), the differences shown in Line G represent 
the quantities of acquired acid which had some other fate. This fate must 
have been conversion into an equivalent quantit 3 ’^ of a different organic 
acid since there was no change in titration value. It is of interest to pur- 
sue the consequences of the assumption that this other acid ma 3 ’- have been 
malic acid, and that malic acid in turn contributed to the formation of citric 
acid. Malic acid diminished in all of the samples except the one cultured 
in succinic acid; in this sample it increased, presumably as a result of trans- 
formation of some of the acquired succinic acid. Line 7 shows the molar 
quantities of acquired acid which are assumed to have been converted tran- 
sientl 3 ’’ into malic acid. Line 8 the actual losses of malic acid, and Line 9 
the sums of these quantities. Since malic acid increased in the sample 
cultured in succinic acid, the “loss” of malic acid is treated as a negative 
quantit 3 '. Line 10 shows the corresponding molar increases in citric acid. 
The molar ratios between the calculated amount of malic acid assumed to 
have been converted to citric acid and the actual increases in citric acid 
found are shown in Line 11. 

The molar ratio 1.9 obtained from the data of the control leaves cultured 
in water lends further support to the h 3 "pothesis that the over-all reaction 
which occurs in excised tobacco leaves cultured in water under the present 
conditions involves the utilization of 2 moles of malic acid for the forma- 
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lion of 1 of citric acid. A ratio of this magnitude has repeatedly been ob- 
served (15). Tlie ratios 1.5 and l.G ol)tained in the experiments with 
fumaric acid, and 1.7 in that with succinic acid,® suggest that, when a 
large quant itj^ of extraneous acid enters tlie system, the reactions become 
so complex that stoichiometric relationships between the initial substrate 
and the final product arc no longer evident. The low ratio indicates, how- 
ever, that extremely cfricient use is made of this substrate. 

The ratios of 2.6 and 2.7 obtained from the data for the metabolism of 
maleic acid indicate that the assumptions that liave been made are inade- 
quate to account full}’’ for the beliavior of this substance. The constancy 
of the I’atio, in spite of a 3-fold variation in the amount of maleic acid which 
was presumably metabolized, suggests that there is a real relationship be- 
tween the metabolism of maleic acid and that of citric acid, but a ratio 
greater than 2 indicates that a part of the maleic acid had a fate other 
than conversion through malic acid to citric acid. Data that bear upon 
this possibility are shown in Lines 12 and 13 of Table II. Line 12 shows 
the algebraic sum of the changes of malic and citric acid from Table I, Lines 
10 and 11. These quantities represent the number of milliequivalents of 
aeidity which were contributed to the formation of citric acid from some 
source other than malic acid. In Line 13 they are subtracted from the 
data in Line G. The differences in the e.xperiments noth fumaric acid are 
negligible, thereby suggesting that all of the fumaric acid Avhich Avas me- 
tabolized to another acid Avas converted ultimately to citric acid. The 
difference of 10 m.eq. in the case of succinic acid is also of doubtful signifi- 
cance in vieAV of the analytical and sampling errors involved;^ but the 
differences of 17 and 33 m.eq. in the tAvo experiments with maleic acid are 
a strong indication that a part of the maleic acid AAdiich was metabolized 
underAAmnt conversion to substances other than malic or citric acid. Regard- 
less of the quantitative significance of the data, the evidence seems une- 
quivocal that the metabolism of maleic acid in tobacco lenAms is more com- 
plex than is that of fumaric or succinic acid. 

Maleic Acid As Inhibitor of Enzyme Reactions in Tobacco Leaves — Morgan 
and Friedmann (16) haAm shoAA’^n that maleic acid at 0.08 m concentration 
produces a marked inhibition of activated papain if the mixture is incu- 
bated for a few hours before the protein substrate is added. In order to 
see AA-hether this result has any bearing on the present obsei’A’-ations on 
tobacco leaves, it first becomes necessary to inquire into the concentration 
of maleic acid AA’hich may haA’-e been present in the tissues. At the end of 

» The value 1.7 confirms the magnitude of the ratio found in four previous e.xpen- 

ments with succinic acid (11). .... 

^ A similar calculation of the data from another experiment in which succinic acia 
was administered to tobacco leaves (11) gave four values ranging from 5 to 9.5 m.eq. 
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4S hours, the initial kilo of leaves cultured at pH 5 in maleate weighed 
511 gm. and contained 122 gm. of solids; accordingly there were 389 gm. of 
water present. The leaves then contained 238 m.eq. of maleic acid, and 
the molar concentration was therefore 0.31 on the assumption that the 
maleic acid was uniformh- distributed in all of this water. The final con- 
centration in the sample cultured at pH 6 was 0.25 m when calculated in 
the same wa}-. If maleic acid accumulated in these leaves at a continuous 
rate, and this was obseiwcd to be approximatel3' true for the rate of accu- 
mulation of fumaric acid, the concentration in the leaves must have been 
well in excess of 0.1 m for at least 24 hours. This should have pro\dded 
ample material as well as sufficient time for interaction with any thiol 
groups present. If, furthermore, the proteol3d:ic enz3Tnes of the tobacco 
leaf tissue resemble papain ■with respect to the property of activation bj- 
reagents which generate thiol groups and inhibition bj’’ reagents which com- 
bine with such groups, one would expect to obser\-e some interference ■\vith 
the process of protein hj'drol5'sis which normallj' takes place in excised 
tobacco leaves and which is usuallj' easilj' detectable after culture in water 
for 24 hours, and invariabl3' so after 48 hours. The data in Line 16 of 
Table I clearl3' show that the loss of protein nitrogen was much less than 
that from the water control when the leaves were cultured in maleate. 

Such behanor of the protein is unique in the experience of this labora- 
tor3L Tobacco leaves cultured in water for 48 hours normaIl3’’ imdergo a 
loss of protein nitrogen that ranges from 3 to 8 per cent of the amount 
initiall3’- present, and it is known from earlier work (17) that there is a cor- 
relative increase in soluble amino nitrogen. An exceptionall3^ ^^gorous 
h3"drolysis of 13 per cent of the protein has been obseiwed in one instance 
(18). When cultured in 0.2 m inorganic salts or alkali salts of organic 
acids, e.g. citrate, malate, succinate, fumarate, oxalate, or tartrate, pro- 
teolysis is mvariabl3’- increased and, with a few exceptions, ranges in 48 
hours from 10 to nearl3’- 20 per cent. The factor by which the extent 
of proteolysis is increased over that in the water control ma3’’ be as great 
as 5 in a given case and is, with few exceptions, at least 2. Accordingh*, 
a case in which interference is obseiv-ed vith so sensitive an index of general 
metabolic rate as the extent of h3’drol3^sis of the proteins of the tissues re- 
quires explanation. In ^new of the kno'svn properties of maleic acid in 
other connections, the h3q3othesis of inhibition of the proteol3i;ic enz3Tnes 
seems the most likely explanation. 

In \new of this, the data were examined for other possible examples of 
inhibitor3' effects. What appears to be a second mstance is pro'^ided b3' 
the data for the formation of citric acid (Table I, Line 11). In the water 
control sample, 50 m.eq. of citric acid were formed. Nearl3' twice as much 
was found in the samples cultured in fumarate and about 50 per cent more 
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than in the water control was formed in the sample cultured in succinate. 
Both of these substrates therefore slimulatcd the synthesis of citric acid, 
and the amounts of acquired acid which were apparently used in this proc- 
ess are shown in Table II, Line 0. In the pre.scnce of maleate, however, 
citric acid formation was much diminished at pH 5 and was appreciably 
diminished at pll (5. Comparison of I'able IT, Lino 0, and Table I, Line 7, 
shows that only a small fraction of the maleic acid taken up was converted 
into a clitTcrcnt acid whereas about one-half of the fumaric and succinic 
acids had this fate. The interpretation of thc.se observations as a further 
example of inhibition of enzyme action bj' maleate seems reasonable. 

Another possible instance is the extent to which malic acid was used up 
in the course of the formation of citric acid. Table I, Line 10, shows that 
there was a hcav 3 '- demand upon the malic acid in the water control sample. 
The much smaller demand upon malic acid in the samples cultured in 

Tauci: III 


Apparent Inhibilorij Action of Maleic Acid on Metabolic Rcaclions in Tobacco Leaves 



Inhibition by potassium maleate 


1 CH 5 

pH 6 

Loss of protein N, v/ni 

! per cent 

3.3 

per cent 

75 

Formation of citric acid, ?n.eg 

! 57 

IS 

Utilization of malic “ “ 

67 

62 


fumarate was interpreted as a possible example of “sparing” action, since 
practically all of the fumaric acid available for metabolism (Table II, 
Lines 1 and 6) was apparently used for the sequence of reactions involved 
in the formation of malic and, subsequently, citric acids. The equally 
small demand placed upon the malic acid in the samples cultured in ma- 
leate maj'’ also be interpreted in this Avaj'", but, in view of the fact that only 
a small amount of maleic acid was converted to a different acid and some 
of this presumabl}'- finally to citric acid (Table II, Lines 7 and 9), an inter- 
pretation in terms of inhibition seems at least equallj^ likel 3 ^ The data 
for the metabolism of succinic acid further emphasize this possibilit 3 ^ 

The data which suggest that maleic acid may act as an inhibitor ot cei- 
tain enzymatic reactions in tobacco leaves are summarized in terms of 
percentage inhibition in Table III. It is implied that the participation 
of active thiol groups is essential in each of these transformations. The 
present experiments were not designed to furnish measurements of inhibi- 
tory action, and the figures given are accordingly only rough estimates o 
orders of magnitude. The effects observed did not arise merely from tne 
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severe dchj'dration which occurred, for a similar set of tobacco leaf samples 
cultured in oxalate (11) were equallj' scriousl}" dehydrated during the ex- 
periment hut showed no such beha\'ior. A specific effect of the presence 
of maleic acid therefore seems the most reasonable explanation of the ob- 
sers'ations. 

Enzyinatic Mechanisms m Tobacco Leaves — As information on the be- 
ha^^or of the organic acids of the tobacco leaf accumulates, the e\’idencc 
for the presence in this tissue of a number of enzyme systems wliich pro- 
duce well known effects becomes more and more impressive. It must be 
emphasized, however, that proof in any given case calls for nothing less 
than isolation of the enzj-me in substantially purified form and complete 
reproduction of the reaction in vitro. In the efforts to interpret the pres- 
ent results, and in spite of the uncertainties involved, it is assumed that 
malic acid occupies an intermediate position between citric acid, wliich 
seems to be the end-product of certain reactions, and the other components 
of the several systems. Malic acid is a substance the accumulation or 
utilization of which is relative^' easily demonstrated, since it is a stable 
substance for which there is an excellent analytical method. That it lies 
in the chain of products of enzymatic reactions in a position after succinic 
acid seems probable in ^dew of the accumulation which occurs when succinic 
acid is furnished to the leaves. 

With respect to the relative positions of succinic and fumaric acids, the 
e\ddence is less comdneing. However, the fact that administration of 
fumaric acid in the early preliminary experiment led to an accumulation of 
malic acid suggests that fumaric acid also precedes malic acid in the se- 
quence. 

Nevertheless it is not yet possible to conclude that the sequence of re- 
actions is precisely that characteristic of the tricarboxj^lic acid cycle. Such 
a conclusion involves acceptance of the Anew that the sequence is succinic 
— > fumaric — > malic oxalacetic — > citric acid. The last step presumably 
involves a condensation of oxalacetic acid with acetyl coenzjTne A. If the 
interpretation of the obser^^ed 2:1 molar relationship between malic and 
citric acid is valid, the acet 3 ’-l group of the acetyl coenzyme A must have 
been pro%dded by a different sequence of reactions into which a substan- 
tial fraction of one of the components of the chain had been shunted. As 
an illustration of the difficulty of this 'vdew, the data of the experiment 
■with fumaric acid may be cited. This substance is taken up less exten- 
sively than succinic acid; it is far less completelj’^ metabolized but it is an 
even more effective stimulant of the formation of citric acid and, accord- 
ingly, must have penetrated rather freely into the cells. The data indicate 
that 122 m.eq. of succinic acid were converted into another organic acid, 
38 m.eq. of malic acid and 74 m.eq. of citric acid being formed. No fumaric 
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acid was detected. Nevertheless all of this acidity must have passed 
through the stage of fumaric acid if the above sequence of reactions was 
followed. In contrast, when 171 m.cq. of fumaric acid were made avail- 
able, only 84 m.eq. passed through the metabolic process; the remainder 
accumulated unchanged, but 97 m.eq. of citric acid \vere formed since some 
of the malic acid wms drawn upon. Fumaric acid supplied from without 
thus behaved ditferently from the fumaric acid hypothetically formed 
during the metabolism of succinic acid. It seems obvious that a general 
thcoiy of the metabolism of the organic acids of tobacco leaves is still to 
be sought, although some of the details are becoming clear. 

Grateful acknowdedgment is made to Marjorie D. Abrahams, Katherine 
A. Clark, and Laurence S. Nolan for technical assistance, to Dr. Israel 
Zelitch for helpful discussion, and to the National Science Foundation for 
a grant which supported a part of the expense of this investigation. 

SUMMARY 

Fumaric acid and maleic acid were made available in 0.2 m solution at 
pH 5.0 and 6.0 to tobacco leaves {Nicotiana tabacum var. Connecticut 
shade-grown) by means of the excised leaf culture technique. Succinic 
acid wms similarly administered as a positive control. Fumaric acid was 
taken up somewdiat less freelj’- than succinic acid and about one-half of the 
quantity acquired by the leaves wms metabolized, citric acid being almost 
the exclusive product. Maleic acid wms taken up considerably more freely 
than succinic acid and the greater part wms found unchanged in the tissues. 
Although a small contribution to the formation of citric acid appears to 
have been made, much of that part of the maleic acid wdneh wms metabo- 
lized was converted into substances the identity of which has not yet been 
established. 

Maleic acid present in the tissue apparently beha^'■ed as an inhibitor of 
the activity of the proteolytic enzymes and of the enzyme systems con- 
cerned with the formation of citric acid. It also appeared to have inter- 
fered with the utilization of malic acid in the transformations that nor- 
mally occur. The inference may be drawn that the presence of active 
thiol groups is essential for these activities. 
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FOLLOWING ENZYMATIC OXIDATION OF 
3-HYDROXYANTHRANILIC ACID* 

By ALAN H. MEHLER 

(From the National Institute of Arthritis and Metabolic Diseases, A'ational 
Institutes of Health, United States Public Health Service, Bethesda, 

Maryland) 

(Received for publication, March 14, 1955) 

Since it is known that 3-hj'drox\'anthranilic acid (3-HA) is a product of 
trjTitophan degradation (2-5) and that it satisfies the nicotinic acid 
requirements of several organisms (&-11), it has been generaU 3 ' assumed 
that the formation of quinolinic acid bj’’ oxidation of 3-IIA (8, 12, 13) is 
closelj' related to nicotinic acid biosjmthesis. On the other hand, quino- 
linic acid has been shown to substitute for nicotinic acid verj’^ poorhq if at 
all (14, 15). Furthermore, it is not knomi that the biosjuithesis of the 
pjTidine derivatives made from the -vitamin, nicotinic acid, involves the 
free acid as an intermediate. 

An enzjme sj'stem has been described which converts 3-HA to quino- 
linic acid through an unidentified intermediate -with an absorption maxi- 
mum at 360 mp (16). In the present work it has been found that in 
quinolinic acid production onlj' the sjmthesis of the intermediate is enz 3 Tne- 
catatyzed; the subsequent formation of quinolinic acid is spontaneous. 
An enzyme which does attack the intermediate has been concentrated 
from extracts of liver. This enzjme does not make or degrade quinolinic 
acid, but converts the intermediate to picolinic acid. 

Methods and Materials 

S-Hj’^droxj-anthranilic acid was obtained commercial!}- and dissolved 
either in deoxygenated 0.02 ji phosphate bufi'er or in dilute suKuric acid. 
The acid solution was used in the later experiments, since it was found 
that dilute solutions (100 y per ml.) were stable in 10~^ N acid. 

The appearance and subsequent disappearance of the intermediate 
compound were followed in either a Beckman DU spectrophotometer or a 
Carj^ recording spectrophotometer at 360 mp. The disappearance of 
3-HA was observed at 317 mp; this measurement is obscured by the 
absorption of the intermediate at this wave-length, but is useful in deter- 
mining the extent of 3-HA utilization when the intermediate is no longer 
present. 

* A preliminary report of some of this material has lieen published (1). 
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Bioassays for nicotinic acid with Lactohacillvs arahino&us were kindly 
carried out by Miss R. C, Gardiner of this Institute. 

Picolinic, quinolinic, nicotinic, and isonicotinic acids were obtained 
commercially. Isocinchomeronic acid was generously provided by Mr. 
R, W. H. Gentry of E. I. du Pont de Nemours and Company, Inc. 

EXPERIMENTAL 

8-Hydroxyanthranilic Acid Oxidase — ^This enz 5 Tne has been reported by 
Priest et al. (17) to occur in the livers of various species. This observation 
has been confirmed, and extracts of acetone powders have been found to 
contain as much activity as homogenates of fresh liver. It was found 
unnecessary to observe any temperature control in preparing the acetone 
powder. Rat livers were blended with 10 volumes of acetone, filtered with 
suction, blended with acetone a second time, again filtered, and air-dried. 
Powders prepared in this way or at low temperature gradually lost activity 
when stored over anhydrous CaS 04 at refrigerator temperature, but re- 
tained full activity for months when stored at — 15°. 

Aqueous extracts of the powder (1:10) prepared at room temperature 
with occasional stirring were used routinebL Although active fractions 
were obtained with a variety of conventional purification procedures, the 
yields were not encouraging, and the enzyme became unstable. 

The reaction catalyzed by 3-hydroxyanthranilic oxidase is not well 
defined. The product of the oxidation is an unstable compound that has 
an absorption maximum at 360 mjti (Fig. 1, A). Some properties of the 
product have been discussed recently by Long ci al. (18) and by Mtyake 
et al. (19). The non-enzymatic nature of the conversion of the compound 
with 360 mfx absorption to quinolinic acid was discussed previousl}'' (20) 
and was observed independently by Long ei al. (18). The conversion 
follows first order kinetics and has a velocity constant of 0.014 min.“^ 
(ti = 43 minutes) at 25° and pH 9.4 (Fig. 1, 5). 

The rate of the spontaneous conversion of the intermediate to quino- 
linic acid is not influenced bj'' pH. In acid solutions, however, as noted 
bj'" others (18, 19), there is a rapid, irreversible conversion to another as 
yet unidentified compound. With larger amounts of 3-HA, the increased 
amount of intermediate undergoes a third spontaneous reaction that re- 
sults in the formation of material with an absorption maximum at 450 
mfi. 

Because of the limitation imposed bj’’ the properties described above, 
measurement of o.xygen consumption could be made only with dilute 
solutions. Sufficient enzyme to consume all of the 3-HA within a few 
minutes was used, ^'anous devices were employed to increase tlie sensi- 
tmty of the manometer: the fluid volume was increased to the ma.ximum 
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Fig. 1. A, carves showing the rate of appearance of the 360 nifj intermediate with 
the ml, of enzj-me indicated. The reactions were carried out in 3 ml. of total volume 
with 50 iimoles of phosphate, pH 7.4, and 10 y of 3-HA in cells with 1 cm. light path. 
In each case blanks without 3-H.\ were used as reference cells. In B, the concentra- 
tion of intermediate is plotted as the log of optical densitj', and the portions of all 
three curves following mammal optical density are included. 
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permitted by vessel design; decane was used as the manometer fluid, A 
series of determinations employing the bubble method of optical lever 
(21) was made in collaboration with Dr. D. Burk. While time lags of the 
order of minutes prevent precise correlation of oxygen consumption mth 
intermediate formation, it is apparent that under these conditions 2 atoms 
of oxygen are consumed rapidly and only a small part of the intermediate 

Table I 

Oxygen Consumption during Formation of Intermediate 
To each vessel were added 100 /xmoles of pyrophosphate, pH 9.4, 0.5 ml. of 3- 
hydroxyanthranilic oxidase (side arm), water to give a final volume of 8 ml., and 
3-HA, 0.1 or 0.2 ml. of a solution containing 1 mg. per ml. The gas phase was air; 
temperature, 25°. The values are e.xpressed in micromoles per vessel. 


3-HA added 

0.65 

1.3 

O 2 consumed* 

0.7 

1.7 

Intermediate producedf 

0.6 

1.2 


* Oxygen consumption was completed within 6 minutes after tipping in the en- 
zyme. The values are corrected for changes in a blank without substrate. 

t Calculated from optical densities at 360 mju. Aliquots were diluted 6-fold and 
read against a similar dilution from the vessel without substrate. The values were 
obtained lO^' minutes after tipping and are corrected for spontaneous decay. 

Table II 

Inhibition of S-Hydi oxyantlii anilic Oxidase by Cyanide Ion 
In each cuvette were placed 0.5 ml. of 0.1 M buffer, either phosphate, pH 7.4, or 
pyrophosphate, pH 9.4, 0.05 ml. of enzyme, Avater to give a final volume of 3.0 ml., 
sodium cyanide to give the concentration indicated, and, at zero time, 0.1 ml. of a 
solution containing 100 y of 3-HA per ml. The increments in optical densit}" for 
the time between § and 1-^ minutes are indicated. 


Total cyanide concentration 

lO-^M 

3 3 X 10-’ M 

IO-’ 1 ! 

3.3 X 10'* u 

10 -< M 

0 



m 

0.370 

0.095 

0 150 




formed has disappeared during this time (Table I). The addition of 
large amounts of catalase, or of catalase plus ethanol, did not influence the 
rate or extent of oxygen consumption. This is evidence that hydrogen 
peroxide is not involved in the oxidation of 3-HA (22). Therefore the 
suggestion of Long et al. (18) is supported, that 2 atoms of oxygen are 
consumed in the formation of the intermediate, Avhich is thus at the oxida- 
tion level of quinolinic acid. 

This conclusion is further supported by the observation that the rate of 
disappearance of the 360 m^ absorption is the same in the presence or 
absence of oxygen. These observations were made Avith reaction mixtures 
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incubated in modified Thunberg tubes which were read direct!}’’ in the 
Beckman spectrophotometer in a carriage built to liold three such tubes. 

It has been variously reported tlial the oxidation of 3-IIA is and is not 
sensitive to cyanide (20). The present studies indicate that the cyanide 
ion is a competitive inhibitor of 3-HA (Tables II and III). Therefore, at 
pll values near neutrality verj’’ high concentrations of cyanide are required 
to demonstrate any inhibition, whereas at values near pH 9 the mhibition 
is 100 times as great. 

3-Hydrox}"anthranilic oxidase is inhibited by p-chloromercuribenzoate, 
which is e^^dence for the requirement of SH groups. This is supported 
by the sensiti\dty of the enzjTne to hydrogen peroxide (1). 

Table III 

Compcliiii'c NaluTC of Cyanide Inhibilion 

In each cuvette were placed in order 0.5 ml. of 0.1 m pyrophosphate buffer, pH 9.4. 
0.05 ml. of enzjTnc, water to make the final volume 3.0 ml., cyanide, and at zero time, 
3-HA. Optical densities were recorded in a Beckman DU spectrophotometer at 360 
mn in 1 cm. cuvettes. The rates recorded are for the period between 30 seconds and 
1 minute after adding the substrate. 



0 

2 X 10-> M 

i 2 X 10'* u 

2 X 10-‘ il 

u 

2 X 10“® 

1 

0.120 

[ 0.020 

1 

o.oso 

0.120 

2 X 10-< 

0.200 ' 

0.070 

I j 


4 X 10-« 

i 0.200 

1 

1 0.090 

1 



Enzymatic Utilization of Intermediate — ^The rate of disappearance of the 
360 ray absorption is completely uninfluenced by the amount of extract of 
acetone powder used for its formation. Additions of more extract follow- 
ing its formation likewise do not influence the rate of removal of the 360 
mfi absorption. Incubation mixtures deproteinized with zinc acetate (ex- 
cess zinc removed as Zn(OH) 2 ) show the same rate of decrease of the 360 
my band, and, again, the rate is not influenced by the addition of extracts 
of acetone powders. On the other hand, extracts of fresh or frozen hver, 
either rat, guinea pig, or beef, accelerated the rate of disappearance of the 
360 mp absorption. The most consistent activity was found in guinea 
pig liver, although an active preparation has been purified from beef liver. 
As will be described, the product of this enzyme acting on the interme- 
diate is picolinic acid. Since the substrate and type of reaction carried out 
by this enzyme are not known, at this time no descriptive name wfll be ap- 
plied. In the remainder of this article, the enzyme will be referred to as 
Enzyme II. 
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Purification of Enzyme II — The 360 iD/i-removing activity is weak in 
the best livers assayed. The following procedure was found convenient 
for the concentration of Enzyme II. Guinea pig livers were blended with 
4 volumes of cold 1.25 per cent KCl, and the homogenate was filtered 
through cheese-cloth. All subsequent operations were carried out near 
0°. The homogenate was brought to pH 4.9 to 5.0 by the addition of 1 
N acetic acid wth mechanical stirring. The mixture was centrifuged, and 
120 to 125 gm. of ammonium sulfate were added per liter of supernatant 
fluid. After stirring the mixture mechanically for 15 minutes or more, the 
precipitate was removed by centrifugation in a large refrigerated angle 
head (4000 X g). Another 120 gm. of ammoiiium sulfate were added per 
liter of original acid supernatant fluid, and the precipitate was centrifuged 
as before. The second ammonium sulfate precipitate was dissolved in 
water with a small amount of phosphate, pH 7.4. This solution was re- 


Table IV 

Purification of Enzyme II 



Ml 

Units per 
ml 

Mg. per 
ml 

Specific 

activity* 

Total 

units 

Original extract 

1,200 

25 

44 5 

0.56 

30,000 

pH 5 supernatant 

895 

25 

18 

1.4 

22,375 

1st (NH 4 ) 2 S 04 fractionation 

i 28.5 

400 

93 

4.3 

11,400 

Cr eluates 

40 

250 

9.2 

27 

10,000 

2nd (NH^lsSOi fractionation 

10 

410 

10.8 

38 

4,100 


* Specific activit 3 ’^ is defined as units per mg. of protein. 


fractionated with ammonium sulfate between approximately the same 
concentrations as before, correcting roughly for the ammonium sulfate re- 
tained by the precipitate. The second precipitate was dissolved in water 
and dialyzed with rocking against running distilled water for 3 to 4 hours. 
Prolonged dialysis caused significant inactivation. 65 ml. of alumina C 7 , 
11 mg. of solids per ml., were added per 100 ml. of dialyzed enz 3 mie. 
After a few minutes stirring, the mixture was centrifuged, and an addi- 
tional 40 ml. of Ct were added. Each C 7 precipitate was washed by sus- 
pension in 5 volumes of cold distilled water and centrifugation. After two 
washes, the enzyme was eluted with two portions of 0.5 m potassium 
phosphate, pH 7.8, with a total volume about equal to that before ad- 
dition of alumina. The pooled C7 eluates were fractionated with ammo- 
nium sulfate, and the fraction obtained between the addition of 33 and 
52 gm. per 100 ml. of eluate was collected. This was dialyzed briefly 
as before. This solution, as well as all preceding ones, retained full ae- 
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th-ity when frozen at -15°, but lost activity gradually at refrigerator tem- 
peratures. The purification is summarized in Table IV. 

Properties of Enzijmc 77— Enzyme II act.s on the unstable product 
formed by 3-hydroxyanthranilic oxidase. It is possible to deproteinize 
incubation mixtures of the oxidase and use the re.sulting solution as sub- 
strate for Enzyme II, but, since the extracts of acetone powders used had 
no effect on the di.sappearance of the intermediate, the second enzyme was 
routinely assayed in the presence of the first. The incubation mixture 



Fig. 2. EnzjTnatic utilization of 360 in;x intermediate. The 360 intermediate 
was made by adding 0.1 ml. of a solution containing 100 7 of 3-HA per ml. to a cuvette 
containing 0.1 ml. of 3-hydro.\yanthranilic oxidase, 30 fimoles of piTophosphate, pH 
9.4, and water to give 3.0 ml. when Enz 3 Tne II was added. Enzj-me II in the quan- 
titites indicated was added 1 minute after 3-HA, and the optical densitj’ was read 
at 5 minute intervals thereafter versus a cuvette containing all additions except 
3-HA. 


Contained 0.5 ml. of 0.1 m pyrophosphate buffer, pH 9.4, 0.1 ml. of the 
oxidase, Enzjnne II, and -water to 2.9 ml. At zero time 0.1 ml. of 3-HA, 
100 7 per ml., -u-as added. The reaction was followed at 360 m^ either in 
cuvettes tvith 1.0 cm. light path or in Pyrex test-tubes xvith an apparent 
path of 1.3 cm. The formation of the intermediate was maximal in about 
1 minute, and the initial rate of decline in optical density determined in 
the succeeding several minutes was used as a measure of Enzjune II. 
This rate is not proportional to enzjmie concentration until corrected for 
the spontaneous decomposition of the intermediate (see Fig. 2). A unit 
of enzyme was arbitrarily^ defined as the amount causing an initial decline 
in density of 0.001 per minute in excess of the spontaneous rate when 
measured with a 1 cm. light path. 
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The reaction catalyzed by Enz3''me II does not depend on the presence 
of oxygen or any additional substance. In contrast to 3 -hydroxy anthra- 
nilic oxidase, Enzyme II is inhibited approximate!}'’ 50 per cent by 10~® 
M HCN. Since there is little effect of pH on the degree of inhibition be- 
tween pH 9.4 and pH 7.4, it appears that HCN, not CN~, is the inhibitor. 
p-Chloromercuribenzoate also inhibits Enzyme II. Enzyme II exhibits a 
broad range of maximal activity between pH 6 and 9.5, and the activity 
declines sharply at more acid and alkaline pH values. Even with the 
low concentrations of substrate used, Enzyme II appeared to exhibit 
zero order kinetics until about half of the intermediate was removed. 
Since the initial concentration of 3-HA was only about 2 X 10“^ M, it is 
apparent that Enz^'^me II has a strong affinity for the intermediate. 

Nature of Product of Enzyme II — possible relationship between the 
product of Enzyme II and nicotinic acid was explored by assaying the 
incubation mixture and a corresponding blank (without 3-HA) for niacin 
activity vdth L. arabinosus. No increase over the blank value was found 
on direct analysis or after autoclaving in 66 per cent acetic acid. 

In order to determine the nature of the product of Enzyme H, its ultra- 
violet spectrum was measured. This was done without prior deprotein- 
ization, to avoid the possibility of altering the product through chemical 
manipulation. The intense absorption of ultra-vdolet light by protein and 
nucleotides makes it impossible to determine the spectrum of the product 
of Enzyme II activity Avith a single monochromator spectrophotometer. 
HoAvever, the double monochromator of the Cary spectrophotometer 
permits measurements to be made in the presence of the amounts of en- 
zyme used (23). The spectrum so obtained shows a maximum at 264 
mjtx. After deproteinizing with zinc, trichloroacetic acid, or perchloric acid, 
the spectrum (taken at neutral pH) exhibits the same 264 mjtt maximum. 

To obtain enough of the product for identification, a large scale prep- 
aration was made. The incubation mixture consisted of 200 ml. of dialyzed 
second ammonium sulfate precipitate of Enzyme II (90,000 units), 5 
mmoles of pyrophosphate buffer, pH 9.4, 1 ml. of 3-hydroxyanthranilic 
oxidase, and water to give 600 ml. 3-HA aa'rs added in solution, approxi- 
mately 3.5 mg. at a time. The reaction AA'as folloAved by reading aliquots 
at 360 m/t and at 317 my. Under these conditions only small increases in 
the 360 my reading (A <0.4) were found, whereas the 317 my readings 
decreased steadily. When the 360 m/i reading decreased to values near 
zero (approximate!}’’ 30 minutes), more substrate AA^as added. It Avas 
found necessary to add fresh oxidase AAoth each addition of substrate, 
since the oxidase became inacth'ated during the reaction. EA^entually 
about 35 mg. of 3-HA Avere added. 30 gm. of trichloroacetic acid Avero 
added, and the mixture was left in the refrigerator overnight. The 
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precipitate was removed by filtration, and the filtrate was extracted four 
times %vitli amounts of ether somewhat less than equal to the volume of 
the filtrate. The aqueous phase was concentrated by distillation in 
radio. 



Fig. 3. Absorption spectra of pyridinecarboxj’lic acids. Each compound was 
present at 3.3 X i0~< m concentration in phosphate buffer, pH 6.8. 

The product was purified by chromatography with ion exchange resins. 
Originally the 264 mp peak was not absorbed by either anion or cation 
exchangers. By exchanging other cations for with Dowex 50 H and 
then replacing most of the anions in the mixture bj' acetate with Dowex 
1 acetate, relatively pure solutions of the product in acetic acid were ob- 
tained. The acetic acid was removed by vacuum distillation, and the 
residue was chromatographed on Dowex 50. HCl eluates from Dowex 
50 were concentrated in vacuo and dried, leaidng a crj-stalline residue that 
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appeared to be a salt. The product was extracted from the salt with 
absolute ethanol. 

The yield of product, based on the optical density at 264 ni/i of dilutions 
of the ethanol solution in buffer, was 18 mg. or 64 per cent of the 3-HA 
added. On concentrating the ethanol, the product deposited on the vessel 
as a gum, but a white solid was obtained bj’’ precipitation from ethanol 
with ether. This solid was used for the infra-red anabasis. 



MILLIMICRONS 

Fig. 4. Absorption spectra of enzyme product and picolinic acid. The final etha- 
nol extract was diluted 60 times in dilute phosphate buffer. Both compounds were 
at pH 6.8. 

Since the amount of material obtained was not sufficient for a conven- 
tional melting point determination, a Kofler stage was used. "Wliereas 
authentic picolinic acid hydrochloride softens below 200'^ and melts with 
decomposition around 225° ivhen heated in a capillazy, on the Kofler stage 
it decomposes without leaving a residue at 177-182°. The isolated mate- 
rial darkened around 180°, but left a residue which did not melt. 

The similarity of the spectrum of the product to those of nicotinic and 
quinolinic acids encouraged comparison with other piTidine derivatives. 
It is apparent (Figs. 3 and 4) that the spectmm coincides with that of 
picolinic acid and is clearly distinguished from all others. On acidification 
both the product and picolinic acid continue to e.xliibit maximal absorption 
at 264, but the extinction increases 1.7 times in each case. As shmwi in 
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Tabic cbromalograpby on paper separated the three p 3 'ridinc mono- 
carboxylic acids, but failed to separate (he cnzj'inc product from picolinic 
acid. Infra-red .spectra confirmed the identification.' 

If the pj-ridinc ring were formed prior to dccarboxjdation, it might be 
supposed that either quinolinic, acid (pj'ridinc-2,3-dicarboxjdic acid) or 
isocinchomeronic acid (p\Tidinc-2,5-dicarboxylic acid) would be an inter- 
mediate. Smec the spectra of these compounds do not appear during 
incubation, if thc\' occur the\' must be metabolized rapidlj'. Wien these 
compounds were incubated xvith Enzj'me II, there was no detectable 
change in their spectra. 


Table V 

Rr Tallies of Pyridine Monocarboiylic Acids 



/^f/-Butanol 70, 
formic acid 15, 

I HK)IS 

1 

jfc-Butanol 75, 
formic acid IS, 
HjO 10 

Acetone £0, H:0 20 

1 

Picolinic acid 

0.61 

0.5S 


Nicotinic “ 

0.81 

0.83 


IsonicoUnic acid 

0.6S 

0.72 


Product 

0.62 

0.5S 



Chromatography was carried out with an ascending method on Whatman Xo. 
3 paper. Spots were visualized as dark areas when the paper was irradiated with a 
Mineralight ultraviolet source. The solvents used have been described previously 
(24-26). 


DISCUSSION 

The nature of the o.xidation of 3-HA has been considered Crandall 

(27) to be similar to the exudations catatyzed by certain other Fe''^-con- 
taining oxidases; namelj’’, those oxidizing homogentisic acid, protocatechuic 
acid, and catechol. Experiments reported above are in agreement with 
this suggestion m so far as 2 atoms of ox 3 ’’gen are consumed and no HjOj 
appears to be formed. 

The structure of the intermediate can only be surmised. It has been 
reported bj’’ several groups of investigators that the intermediate is ir- 
reversibly altered by acid pH. Miyake cl aL (19) have prepared a deriva- 
tive of the acid decomposition product, and Long ct al. (18) have also 
observed reactions with carbonjd reagents following acidification. Wiss 

(28) claims to have prepared a dinitrophenj’-lhj'drazone of the true inter- 
mediate, but his note does not establish that his derivative is formed from 
the true intermediate rather than from the acid decomposition product. 

1 1 am indebted to Mr. W. M. Jones of this Institute for recording the infra-red 
spectra. 
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The stmctures proposed Miyake d al. for the intermediate and the 
acid decomposition product are inconsistent with the indications that 2 
atoms of oxygen are consumed in the oxidation of 3-HA and none in the 
conversion of the intermediate to quinolinic or picolmic acid. 

The identification of picolinic acid as the product of Enzyme II raises 
two questions: (1) Is this a normal metabolic product, and if so, does it have 
a function, and (2) what implications does this have for nicotinic acid bio- 
s^mthesis? Free picolinic acid has not been identified as a component of 
natural systems, but A'-metlylpicolinic acid, called homarine, has been 
found in several marine organisms in large quantities (29, 30). The func- 
tion, origin, and fate of homarine are unknown. The low level of Enzyme 
II in liver cannot be considered evidence against its physiological function, 
since this entire pathivay, starting with tiyptophan, acts i^eiy slowly com- 
pared with many other systems, and at least one prior step, the introduction 
of the hydroxyl group, has never been obtained clearly in cell-free systems. 
Since 3-HA may be formed veiy slowly under normal circumstances, the 
amounts of Enzyme II that occur in liver may be sufficient to handle a large 
portion of its oxidation product. 

The biosynthesis of nicotinic acid remains veiy obscure. It is still 
tempting to retain a unitarj’- mechanism for obtaining pyridine rings, but it 
must also be considered that the oxidation to the 360 mju-absorbing com- 
pound initiates a pathway which has no relation to nicotinic acid synthesis. 
In experiments in which 3-HA (or a precui’sor) is added to liver prepara- 
tions or is administered to whole animals, the oxidase is able to react much 
faster than with the amount of substrate usually aAmilable, and therefore 
forms large amounts of 360 mjj, intermediate. Since Enzyme II is much 
slower in its activity, the bulk of the intermediate goes spontaneously to 
quinolinic acid, which is an inert end-product. It is, of course, conceiva- 
ble that still another enzyme exists which converts the intermediate to nic- 
otinic acid. 

Alternative mechanisms would involve other hypothetical I'eactions of 
3-HA. One possibilit}'- is amidation prior to oxidation. Although it is 
known that nicotinic acid is equivalent to nicotinamide in ^dtamin activit.y, 
it is possible that in the biosynthetic pathway only the amide, and not the 
free acid, is formed. Similarly, a riboside or ribotide may be formed before 
oxidation. These two types of substitution of 3-HA ai-e not exclusive. 
Both represent reactions which must occur at some stage in the metabolism 
of nicotinic acid, since the free acid has no known biological function, but 
is found as a component of the pyridine nucleotides. 

Without knowledge of the structure of the intermediate, the nature of the 
reaction catalyzed by Enzyme II cannot be ascertained. The most reason- 
able substrates are the often suggested orthoquinone of 3 , 4-dihydro.\yan- 
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tliranilic acid and the corresponding hydroh'tic product, the open chain 
dicarboxjdic acid amino aldehyde. Since quinolinic acid, and not isocincho- 
mcronic acid, can be formed, it seems reasonable to assume that only the 
3,4 split in the ring occurs. If the open chain compound is indeed the 

intermediate, it is probable that the rate-limiting reaction in its spontane- 
ous disappearance is an isomerization of the double bond to place the car- 
boxj'l groups in the cis configuration. This would be followed by a rapid 
condensation to form the stable pj'ridinc ring. The reaction of Enz 3 ’me II 
almost necessaritj’’ involves decarbo.xylation. It is possible that in the proc- 
ess of decarbo.xj'lation the rotation of the bond to put the amino group in 
a position to condense to form the pj'ridine ring might be favored or com- 
pelled. Thus ring formation and decarbo.xylation might appear as simul- 
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taneous reactions catalj'zed bj'" one enzjme. These reactions are indi- 
cated in the accompanjdng diagram. 

STOEUARy 

The metabolism of S-hj^droxj'anthranilic acid bj^ liver preparations takes 
place in two steps. In the first, the substrate is oxidized with the utiliza- 
tion of 2 atoms of oxi’-gen to form a compound that absorbs maximallj’- at 
360 mjLi. This reaction is competitively inhibited bj^ cj^anide ions. The 
second step maj"- be in at least two directions. A non-enz 3 Tnatic reaction 
ma 3 ' occur to form quinolinic acid. An enz 3 Tne has been described which 
attacks the intermediate to form picolinic acid. The nature of these re- 
actions and their relation to nicotinic acid s 3 mthesis are discussed. 
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Information on tlie fatt\' acid composition of human blood has been 
fragmentarj’’ and conflicting (1, 2). Wilson and Hansen (3) have reported 
uusaturated fattj' acids in human plasma and suggested an average iodine 
number of lOS. In 1937, Brown and Hansen (4) showed differences in the 
amounts of linoleic and arachidonic acids in sera of normal and eczematous 
children, and later Brown and others (5) demonstrated a decrease of 
plasma unsaturated acids in the adult man during a prolonged low fat 
diet. The lipide of human blood cells has been less e.vtensively studied. 
Analyses by Erickson and coworkers (6) have shoiim that practically all 
blood cell lipide is in the stroma, mainl 3 ^ as phospholipide. Wiese and 
Hansen in 1953 (7) reported a semimicromethod for estimation of blood 
serum unsaturated fattj" acids, but at that time did not possess constants 
for the pure natural acids and did not clearlj" characterize human blood 
lipides. The present availability of an adequate spectrophotometric 
method for the quantitative determination of poljmnsaturated fatty acids 
suggested that a reinvestigation of human blood fats might be fruitful. 

Methods 

AH subjects were young male medical students in the postabsorptive 
state (10 hours without food). From each of five subjects, 100 ml. of 
blood were drawn via the antecubital vein into heparinized syringes and 
immediately centrifuged. From two other donors a total of 910 ml. of 
whole blood was transferred by sterile technique to a sterile bottle to 
which had been added 240 ml. of a solution containing 3.17 gm. of sodium 
citrate, 1.15 gm. of citric acid, and 3.62 gm. of dextrose. After being 
mixed, 500 ml., containing 396 ml. of whole blood, were withdrawn im- 
mediately for extraction and analysis (Table I, Analj’-sis 1). The re- 
maining 514 ml. of blood were extracted and analyzed separately^ (Table 

* One of the branches of Utilization Research, Agricultural Research Senuce, 
United States Department of Agriculture. 
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I, Analysis 2). Neither the anticoagulant nor the amount of fatty acid 
extracted appeared to affect the analyses, and in our final evaluation all 
data were given the same weight. Plasma and blood cell fatty acids were 
extracted from each of the six blood specimens and were each analyzed in 
duplicate. In every case, plasma and cells were separated by centrifuging 
the whole blood specimens at 2000 r.p.m. for 1 hour. The plasma was 
pipetted off, and the cells were washed by resuspending and centrifuging 
them twice in mammalian Ringer’s solution. Both plasma and blood 
cells were subjected to alcohol-ether extraction. Each was initially mixed 
with 95 per cent ethanol and heated to 60° under a partial vacuum to 
near dryness. The same procedure was repeated twice with ethanol-ether 
(3:1). The residue was transferred to a mortar, thoroughly ground with 
anhydrous sodium sulfate and ether, and filtered through a Buchner fun- 

Table I 

Comparaiive Analyses of Plasma Fatty Acids on Pooled Blood from Two 

Persons 


The data, except iodine numbers, are expressed as percentages of total fatty acids. 


_ ! 

Analysis 

No. 

Linoleic 

acid 

Linolenic 

acid 

Arachido- 
nic acid 

Pentae- 
noic acid 

Hexaenoic 

acid 

Oleic 

acid 

Total 

un- 

saturated 

acid 

Total 

saturated 

acid 

Iodine 

No. 

1 

2 

22.72 

23.85 

1.85 

2.57 

6.43 

6.73 

0.91 

0.91 

1.21 

1.28 

36.2 

33.2 

68.3 

67.6 

31.7 

32.5 

106.2 

108.8 


nel. The processes of grinding and filtration were repeated six to eight 
times. The filtrate was evaporated first over a steam bath and then under 
reduced pressure to constant weight. After saponification, the un- 
saponifiable material was removed, and the fatty acids were extracted 
with petroleum ether by the method of Kerr and Sorber (8), as modified 
by Jamieson (9). After evaporation of the petroleum ether, the fatty 
acids were dried under a vacuum to constant weight and analyzed spectro- 
photometrically by the method of Herb and Riemenschneider (10). Io- 
dine numbers were determined according to Wijs (11). At all times, 
except during the extraction and evaporation of solvent, precautions were 
taken to protect the samples from oxidation by keeping them under special 
oxygen-free nitrogen and storing them at 4°. 

Calculations for the percentages of the individual polyunsaturated 
fatty acids were made according to Herb and Riemenschneider (10), as 
modified by Hammond and Lundberg (12) for the inclusion of hexaenoic 
acid. In the formulas used in the present work, the assumption was made 
that the pentaenoic acids consist of 50 per cent docosapentaenoic and 50 
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l)er rent eicosapontacnoic acids. The average clifTerences bclwccn dupli- 
cate anah-scs of the fatty acids extracted from plasma and blood cells, in 
per cent, Avere as follows: linoleic 0.45, linolenic O.IS, arachidonic 0.31, penta- 
enoic 0.12, and hexacnoic 0.2S. On the basis of these data and those of 
Table 1, we believe our analyses for linolcie acid in plasma arc accurate to 


T.\ni.r. II 

Fatty Acid Compasitinn of llmnan lilond Plasma and Cells 
The values for individual fatty acids arc expressed as percentages of total fatty 
acids. 


Subject 

1 

1 

Whole 

bloofl 

Total 

fatty 

acids 

H 

Linoleic 

acid 

Linole* 

nic 

acid 

Arachido- 

nic 

acid 

Pcnlac- 

noic 

acid 

Hexac- 

noic 

acid 

Plasma 


mb 

mm 


per cent 

per cent 

per cent 

per cent 

per cent 

P. Y. 

■9 

mi 

105.2 

25.3 

0.54 

6.54 

1.67 

3.14 

W. B. 

■9 

m 

114.5 

26.2 

0.S5 

7.82 

1.31 

2. OS 

R. M. 

102 

117.0 

110.0 

28.3 

O.Sl 

7.77 

1.28 

2.42 

G.K. 

122 

9S.4 

108.8 

25.9 

1.21 

7.47 

1.75 

2.46 

P. C. 

112 

83.4 

105.3 

21.7 

1.60 

7,78 

1.78 


Average* 


108.3 

25.0 

1.14 

7.14 

1.45 

2.32 


Cells 


P. Y. 

96 

23.1 


6.62 

BI9 

m 

2.68 

5.59 

W. B. 

1 104 

97.3 

95.6 

6.09 


mm 

2.53 

3.47 

R. M. 

102 

62.8 

97.7 

8.09 

-0.58 

13.5 

2.89 

4.62 

G. K. 

122 

85.6 

98.7 

9.29 

0.52 

11.8 

2.73 

3.13 

P. C. 

112 

57.5 

96.3 

8.27 

-0.17 

14.3 

3.16 

4.22 

W. Z. 

R. S. 

396 ! 

! 

285.4 

115.4 

8.68 

-0.02 

1 

16.8 

1 

3.20 

3.63 

Average. . . 


1 

100.7 

7.84 

1 

0.00 

13.1 ' 

1 

2.87 

4.11 


* Includes data from Analysis 1, Table I. 


Anthin ±1 per cent, and are within a fraction of 1 per cent for any of the 
other plasma polyunsaturated fatty acids. Accuracy for blood cell fatty 
acids is probably of the same order. 

RESULTS AND DISCUSSION 

The percentage distributions of the indmdual fatty acids from blood 
cells and plasma are characteristically different, despite the fact that their 
iodine numbers are of the same order of magnitude (Table II) . Of the poly- 
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uiisaturated fatty acids, linoleic is predominant in plasma and arachidonic 
in blood cells. The small negative values for linolenic acid obtained in the 
analyses of blood cell fatty acids are probably within the limits of experi- 
mental error and indicate that essentially no linolenic acid is present. 
Pentaenoic and hexaenoic acids appear in both plasma and cells in more 
than trace quantities; to our knowledge there have been no quantitative 
analyses of these acids reported for human blood. The data for oleic acid 
are less precise than for the polyethenoid acids because of the difficult}^ in 
making accurate iodine number determinations on small fatty acid samples. 
For the same reason the values for total unsaturated and total saturated 
acids are less exact than those for the individual polyethenoid acids. Of the 
total plasma fatty acids, oleic acid averaged 21.1, total unsaturated acids 
58.1, and total saturated acids 41.9 per cent. Of the total blood cell fatty 
acids, oleic averaged 11.3, total unsaturated 40.1, and total saturated 59.9 
per cent. 

Although the data obtained in these analyses are not extensive, we be- 
lieve that they are of interest because they permit a more definite statement 
of the amounts and variability of individual blood polyunsaturated fatty 
acids than has hitherto been made. With blood levels approximately es- 
tablished, some new problems arise and numerous old ones present them- 
selves for reexamination. The large amount of arachidonic acid in blood 
cells suggests that the formed elements of the blood may be a site for syn- 
thesis of this polyethenoid acid. In addition, the oxygen consumption of 
human serum in vitro in the presence of weak ammonium hydroxide and 
potassium ferricyanide, suspected by Litarczek (13) as being due to autoxi- 
dation of unsaturated fatty acids, might profitably be studied again. 

SUMMAEY 

1. Spectrophotometric analyses have been made to determine the 
amounts of polyunsaturated fatty acids in the blood of seven normal human 
males in the postabsorptive state. 

2. The data suggest that there is a characteristic distribution of polyethe- 
noid acids in the fatty acids of both plasma and blood cells. Linoleic acid 
is the predominant polyunsaturated fatty acid in the plasma, whereas ara- 
chidonic acid is predominant in the cells. 
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THE INCORPORATION OF L.-UIELED GLYCINT3 INTO 
ERYTHROCYTE GLLTATIIIONTS 

By HARVEY A. ELDER* and R. A. MORTENSEN 

(From the Department of Biochemistry, Sehool of Mcdieinc, College of 
Medical Evangelists, Loma Linda, California) 

(Received for publication, April 11, 1955) 

In a pre\'ious report from this laborator}' it was sho\TO that the gluta- 
thione (GSH) content of rat erj'throc3'tos follows closelj' the supplementa- 
tion and withdrawal of dietarj' methionine ( 1 ). This observation sug- 
gested that GSH can be s3mthesizGd in mature mammalian cells, although 
such cells contain no nuclei and might, therefore, be expected to S 3 'nthesize 
the tripeptide mainl3', if not exclusiveh', during some earlier stage in 
development (2). Further e\udencc for GSH formation is found in the 
experiments of Anderson and Ylosher ( 3 ), wlio detected S’^ in the er3dhro- 
cyte GSH of rats following the administration of labeled nn-CY'stine b3’’ 
stomach intubation. 

The present work was undertaken to stud3' the rate of incorporation of 
labeled gb'cine into the GSH of intact rat er3dhroc3'tes. An experiment 
was also carried out vith a\dan blood in order to compare the actmt3’' of 
non-nucleated with that of nucleated cells. In both cases rapid incorpora- 
tion was obsen^ed. 


EXPERIMENTAL 

The radioactive amino acids used were gtycine-l-C'^ (Tracerlab) and 
uniform^ labeled n-glutamic acid (Nuclear Instrument and Chemical 
Corporation). 

All experiments were carried out in vitro. Erythroc3'i:es from freshly 
drawn heparinized blood were incubated with the labeled amino acids in a 
Warburg apparatus. The blood samples were obtained by heart puncture 
from male Sprague-Dawle3’’ rats weighing between 200 and 300 gm. and 
by A'enipuncture from medium sized ducks. After centrifuging the blood 
and removing the plasma and buffy coat, the cells were washed once with 
2 volumes of Krebs-Ringer-phosphate solution (4), to which had been 
added 80 mg. per cent of glucose (5ubsequentl3’- referred to as Krebs- 
Ringer solution). A measured volume of the washed cells was then mixed 
with a double volume of the ICrebs-Ringer solution and the cell suspension 
was transferred to a flask in a 37° Warburg bath. The labeled amino acid, 
dissolved in a predetermined volume of Krebs-Ringer solution, was added 
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to the cell suspension in the flask and the whole was shaken throughout 
the incubation period at a frequency of 75 cycles per minute. In certain 
experiments non-labeled amino acids were also added to the reaction mix- 
ture, and in one experiment various concentrations of plasma served as 
the suspension medium. All reaction mixtures had a hematocrit value of 
0.20. Unless otherwise stated, an anaerobic system was employed, the 
gas phase consisting of 5 per cent carbon dioxide and 95 per cent nitrogen. 

At the end of the incubation period, 2 ml, aliquots of the reaction mix- 
ture were withdrawn and deproteinized udth 10 per cent trichloroacetic 
acid. The precipitated protein was removed by centrifugation and 25 
mg. of GSH were added to each 2 ml. sample to act as carrier. GSH was 
then precipitated as the cadmium salt and purified by reprecipitation as 
the cuprous mercaptide, as described by Waelsch and Rittenberg (5). 
Suspensions of the mercaptide in absolute ethanol were deposited for 
counting on aluminum disks by means of the plating procedure of Hutchens, 
Claycomb, Cathey, and Van Bruggen (6). 

Radioactmty determinations were made in a gas flow counter. The 
counting times w^ere sufficient to give a standard error of 2 per cent or 
less. Corrections for self-absorption were determined from the loss of 
radioactivity of GSH cuprous mercaptide layers of graded thickness. The 
amount of GSH formed was calculated from the equation of Bloch (7). 

In order to determine the location of the label in the GSH molecule, 
samples of the mercaptide were treated wth hydrogen sulfide to remove 
the copper and were then h 5 ^drolyzed by boiling in dilute HCl. The re- 
sulting products were separated as dinitrophenylamino acids by adsorption 
chromatography on silicic acid columns (8). In a typical experiment, no 
radioactivity was detectable in the cysteine or in the glutamic acid, but 
the glycine fraction gave over 800 c.p.m. 

GSH concentrations were determined by the nitroprusside method of 
Grunert and Phillips (9) and total non-protein sulfhydryl groups by the 
amperometric technique of Benesch and Benesch (10). 

All concentrations of amino acids gwen m the present paper represent 
the amounts of added amino acids only. Since free amino acids are present 
in blood cells, the reported concentrations must be less than the actual 
values, and, accordingly, the amounts of incorporation into GSH as cal- 
culated are correspondingly low. The error should be small, however, 
except in the lowest concentrations employed. 

Hesi/Us 

Effect of Glycine Concentration — ^The incorporation of labeled glycine 
into erythrocyte GSH under vaiying concentrations of glycine in the 
presence and absence of added cj’-steine and glutamic acid is demonstrated 
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in Fig. 1. It will be noted that the rate of GSIl formation increased with 
increasing glycine concentration and that the simultaneous addition of 
cysteine and glutamic acid greatly stimulated the formation of the tri- 
peptide. In other experiments it was fovmd that the separate addition of 
cysteine and glutamic acid had much less elTcct, cysteine increasing some- 
what the formation of GSH and glutamic acid haring little if any action 
within the range of concentrations studied. 



Fig. 1. Effect of varj-ing concentrations of glycine on glutathione formation in 
the presence and absence of added cysteine and glutamic acid. Curve A, incubation 
mixtures contained Krebs-Rlnger solution, rat red cells, cysteine O.OOS m, glutamic 
acid O.OOS m, and glj'cine; Curr-e B, the same as in Curve A, except that cysteine and 
glutamic acid were not added. 

Fig. 2. Incorporation of labeled glycine and labeled glutamic acid into rat eryth- 
rocyte glutathione. Incubation mixtures contained added amino acids as follows-, 
cysteine 0.006 m, glutamic acid 0.006 m, and glycine 0.0015 ji. 

By extrapolating the values in Currie B to zero glycine concentration, a 
limiting value of 6.8 pmoles per 100 ml. of cells is obtained for GSH forma- 
tion during the 2.5 hour period. At this rate of foimation, 50 per cent 
replacement of the non-labeled by the labeled glycine in GSH would re- 
quire 37 hours in red cells with a GSH content of 200 pmoles per 100 ml. 
of cells. The time for 50 per cent replacement under aerobic conditions 
may be estimated to be approximately 55 hours, since the rate of aerobic 
formation was fovmd to be about two-thirds of the anaerobic rate (Table 
II). 

Incorporation of Gluta7mc Acid— In Fig. 2, the time-courses of glycine 
and glutamic acid are compared. After sufBcient time had elapsed to 
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carry the reactions past the initial stage, the rates of incorporation were 
nearly equal. Johnston and Bloch ( 11 ) obtained similar results in a 1 
hour incubation of these amino acids with extracts of pigeon liver, and 
interpreted their findings as suggesting total synthesis of GSH. 

Di_fferent Levels of Endogenous GSH — comparison was made of the 
rates of glycine incorporation into erythrocytes with two different levels of 
endogenous GSH. In studying the effect of GSH concentration, no way 
was found to vary the GSH content of the cells other than by dietary means 
since GSH does not penetrate the cells either in vitro or after its injection 
into the circulatory blood. Erythrocytes with a high level of GSH were 
obtained from the pooled blood of young rats which had been maintained 
for several weeks on a methionine-deficient diet (1). Those with a lower 
GSH content were from similar animals that had been kept on the same 
diet supplemented with 0.5 per cent of methionine. As shown in Fig. 3, 
there was no significant difference in GSH synthesis in the two groups of 
erythrocytes. While this finding would be expected in the event of total 
GSH S 3 Tithesis, it could conceivably be produced as well by an enzyme- 
catalyzed exchange of labeled glycine with the glycyl group of GSH under 
the conditions existing in the erythroc 3 rte. Because of the relatively high 
concentration of GSH in the cell, it is possible that some factor other than 
GSH concentration might detennine the rate of reaction. 

Nucleated Cells — Contrary to expectations, nucleated cells from duck 
blood produced a glycine incorporation of only about one-third of the 
incorporation found for normal rat erythrocytes (Fig. 4). It may be 
pointed out, incidentally, that a comparison of the absolute amounts of 
GSH formation in rat erythrocytes shown in Figs. 3 and 4 should take into 
account the difference in the levels of the glycine added to the incubation 
mixtures. 

Induction Period — In certain other systems, it has been shovn that the 
formation of GSH from the three constituent amino acids is accompanied 
by an induction period which can be eliminated by the addition of y-glu- 
tamylcysteine to the reaction mixture (12, 13). In the present system, 
the initial portion of each time-course curve exhibits a similar induction 
period, but tins was not altered by the addition of 7 -glutamylcysteine to 
the suspension medium. (The 7 -glutamylcysteme was kindlj’’ supplied 
by Dr. J. E. Snoke.) This failure of 7 -glutamylcysteine to affect the 
reaction may be due to a lack of ability of the dipeptide to penetrate the 
red cell. Furthermore, in the present system, the initial stages may be 
complicated by the presence of endogenous 7 -glutamylcysteine (14) and 
by a possible lag in the diffusion of amino acids into the cell. 

Incubation in Plas 7 na—ln Table I, the effect of incubation in plasma and 
in mixtures of plasma with the Krebs-Ringer solution may be seen. At a 
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Fig. 3. Incorporation of labeled glycine into tlie glutatliione of erythrocytes con- 
taining different concentrations of endogenous glutathione. Curve .\, 2S0 pnioles 
per 100 ml. of cells; Curve B, ISO /imolcs per 100 ml. Incubation mixtures contained 
Krebs-Ringer solution, rat red cells, and labeled glycine 0.00066 m. 

Fig. 4. Comparison of rates of incorporation of labeled glycine into the gluta- 
thione of rat and duck crythrocj'tcs. Curve A, rat cells; Curve B, duck cells. In- 
cubation mixtures were the s.ame ns in Fig. 1 , c.xccpt that the concentration of labeled 
glycine was O.OOlo m. 


Table I 

Ejjccl of Concentration of Plasma on Incorporation of Labeled Glycine into 
Erythrocyte Glutathione 


Erythrocytes were incubated with labeled glycine in mixtures of plasma and 
Krebs-Ringer solution for 2.5 hours at 37° under 5 per cent carbon dioxide and 95 
per cent nitrogen. 


Volumes per cent plasma* 

Volumes percent Kreb'-Rmgcr 
[ solution 

1 

C.p.m. per pmole 
j glutathionef 

Added glycine in 

plasma, 0.0112 m; in Krebs-Ringer solution, 0.0112 a 

100 

! 0 

5.9 

67 

' 33 

7.2 

33 

1 67 

7.7 

0 

1 100 

1 

9.0 


Added glycine in plasma, O.OOOS ii; in Krebs-Ringer solution, O.OOOS Ji 


100 

0 

107 

67 

33 


33 

67 

1 111 

0 

100 

1 101 


* The figures represent the volume of plasma divided by the sum of the volumes 
of plasma and Krebs-Ringer solution and multiplied by 100. 

t Each figure represents the specific activity of glutathione isolated from 2 ml. 
of the incubation mixture after the addition of 25 mg. of carrier glutathione. 
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high glycine level, the amount incorporated was less in plasma than in 
Krebs-Ringer solution. This result is in contrast to the accelerating effect 
of plasma on amino acid incorporation into reticulocyte proteins (15). In 
the present work, however, the effect of plasma disappeared at a low gly- 
cine concentration, 

Efeci of Oxygen — Four experiments were performed on rat erythrocytes 
to determine the amount of glycine incorporated under aerobic conditions. 
In each experiment the level of incorporation was substantially lowered 
by the presence of oxygen (Table II). That the GSH concentration was 


Table II 

Effect of Oxygen on Incorporation of Labeled Glycine into Erythrocyte 

Glutathione 


Experiment j 
No. 

Incubation ! 
time 

j 

Glutathione formed* 

Aerobic-anaerobict 

Anaerobic 



16 per cent 0: 

95 per cent Oj 

1 

hrs. 






1 

1 

3.98 

3.00 

2.68 

0.753 

0.670 

2 

2 

9.20 

5.86 

6.37 

0.637 

0.692 

3 

3 

13,6 

9.13 

6.98 

0.671 

0.513 

4 

3 

8,33 

6,56 

5.80 

0.788 

0.696 

Average 

0.71 

0.64 




In Experiments 1 to 3, the incubation mixtures contained Krebs-Ringer solution, 
rat red cells, labeled glycine 0.0015 si, cysteine 0.006 si, and glutamic acid 0.006 si. 
In Experiment 4, cysteine and glutamic acid were omitted. Gas mixtures contained 
CO 2 5 per cent and N 2 as needed to make up the gas volume to 100 per cent. 

* Micromoles of glutathione formed from labeled glycine per 100 ml. of cells. 

•f Ratios were calculated from the figures in the preceding columns. 

not materially decreased during the incubation was demonstrated by 
determining GSH and non-protein sulfhydryl groups before and after 
incubation. A similar decrease in glycine mcorporation Avas observed in 
duck erythrocytes under aerobic conditions, but the percentage change was 
less constant than in rat cells. 


DISCUSSION 

The results indicate that eiythrocytes haA’-e the ability to incorporate 
glycine into GSH. Although total s3mthesis has not been conclusivcl}' 
demonstrated, the results are in harmony Avith the occurrence of total 
S3mthesis. The close correspondence betAi'een the rates at AA'hich gb'^cinc 
and glutamic acid are incorporated into GSH folloAving the period of 
induction and the stimulating effect of added C 3 'steine and glutamic acid 
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on GSH formation snggc.^t at least a measure of total synthe.«i.s-. Thi.'; 
view is strengthened by the ob.servation that the rate of GSH formation 
appears to be independent of the concentration of GSII in the erj'throcyte. 

.SUMMARY 

Glycine is rapidly incorporated into the glutathione of intact rat and 
duck cPi'throcytes in vitro. The simultaneous addition of cysteine and 
glutamic acid was found to increase the incorporation, and oxygen to 
decrease it. The incorporation rate was independent of the concentration 
of endogenous glutathione. 

.id(tcn(lum — Dimant, Landslierg, and London (16) have recently demonstrated 
that the incubation of human erythrocytes and of duck eiythrocytes with glycine-2- 
C“ results in the incorporation of labeled carbon into the glutathione. 
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Medical Evangelists, Loma Linda, California) 

(Received for publication. May 2, 1955) 

Several observ^ations have been reported wliich suggest that the intact 
rat erjdhrocjde is able to synthesize and destroj' glutathione (GSH), An- 
derson and Mosher (1) detected radioactivity in the erjdhrocyte GSH of 
rats following the administration of S’Mabeled cystine. In tliis laborator}’’ 
it has been obsei^'ed that C'Mabeled glycine is rapidly incorporated into the 
GSH of rat red cells in vitro (2). Furthermore, erydhroc 5 rte GSH levels 
have been found to undergo large changes as a result of adding and ndth- 
drawing methionine dietary supplements (3). 

In ^dew of these observations, it seemed of interest to investigate further 
the rate of GSH metabolism in the rat erythrocyte. In the present study 
the rate of disappearance from erythrocytes of pre%’iously labeled endog- 
enous GSH was measured. At the same time, the distribution of radio- 
actmty among the component amino acids was studied by chromatographic 
methods. The erythrocyte GSH was labeled by injecting labeled glycine. 

EXPERIMENTAL 

Male Sprague-Dawley rats were employed. The animals were provided 
with Purina laboratorj" chow and drinking water ad libitum throughout the 
experimental period. Each rat was injected intraperitoneally with a single 
dose of 14 /ic. of glycine-2-C'^ (Tracerlab) per 100 gm. of bodj’- weight. 
Blood samples were collected at inter%mls by heart puncture. Hematocrit 
values were determined by means of Van Allen tubes. Erythrocyte GSH 
was isolated as the cuprous mercaptide from 0.5 ml. aliquots of blood after 
deproteinization with 10 per cent trichloroacetic acid and the addition of 
25 mg. of GSH to serve as carrier. The procedures used for isolating the 
GSH, and for preparing and counting the samples, were similar to those 
previously described (2) . Counting times were sufficient to give a standard 
error of 5 per cent or less. 

For determining the distribution of radioactivity among the component 
amino acids, GSH was h 3 '’drolyzed and the liberated amino acids were sepa- 
rated as 2,4-dmitrophenyl (DNP) derivatives by chromatographic adsorp- 
tion on a silicic acid column. GSH cuprous mercaptide samples prepared 
from blood withdrawn at various intervals were first treated with hydrogen 
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sulfide to precipitate the copper. After centrifugation, the supernatant 
fluid obtained from each sample ivas boiled in 6 n HCl solution for 12 hours 
to hydrolyze the GSH. Since it had been found that the dinitrophenyl 
amino acids formed from the hydrolysate gave a double band on a silicic 
acid column corresponding to DNP-cystine and DNP-cysteine, a stream of 
oxygen was passed through the hydrolysate, after neutralization, to com- 
plete the conversion of cysteine to cystine. The hydrochloric acid was then 
evaporated, and the DNP derivatives of the amino acids were prepared as 
described by Sanger (4). The resulting reaction mixture was acidified and 
evaporated to near dryness to remove alcohol. The DNP derivatives were 
extracted from the residue with several portions of ether, and the combined 
extracts were washed with water. To prepare the DNP derivatives for 
chromatographing, the ether was evaporated and the derivatives were dis- 
solved in 2 ml. of a 20 per cent solution of acetone in ligroin. 

Preliminary experiments had shown that a mixture of DNP-C 3 ^stine, 
DNP-glutamic acid, and DNP-glycine could be effectively separated on a 
silicic acid column with a developer containing 8 per cent acetic acid and 4 
per cent acetone in ligi’oin. The column employed was similar to that used 
b}’- Green and Kay (5), but contained silicic acid only and was not pre- 
washed. The silicic acid was packed to a height of 150 mm. in a 12 X 300 
mm. chromatographic tube of the type described by Zechmeister and Chol- 
noky (6). Before applying the sample, the column was wetted mth a por- 
tion of the developer. Upon chromatographing the DNP derivatives with 
50 ml. of the developer, three distinct bands at 5 to 17 mm., 26 to 40 mm., 
and 60 to 90 mm. were identified respectively as DNP-cystine, DNP-glu- 
tamic acid, and DNP-glycine. Identifications were made by comparing 
these derivatives with authentic specimens of the corresponding DNP- 
amino acids on separate and mixed chromatograms. Losses incurred i]i the 
reaction of 2,4-dinitrofluorobenzene with the amino acids, in column ad- 
sorption, and in the extractions were estimated b}’’ using authentic speci- 
mens of GSH and the amino acids. Corrections based on these losses were 
applied to the values reported for ammo acid reco'\'’eries. Quantitatii^e 
determinations of the amounts of DNP-amino acids in the column were 
made by cutting the bands, eluting with acetone, and reading the eluates in 
a Beckman model B spectrophotometer. 

The acetone solutions containing the DNP-amino acid samples were 
evaporated to dryness on aluminum planchets under infra-red lamps, and 
the radioactivities determined. Corrections for self-absorption were made 
according to the data for wax (7). 

Results 

Disappearance of Labeled Exploratory work was carried out on 

four rats. After the injection of labeled glycine into thc.se animals, the 
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radioactivitj* of the GSII rose rapidly, attaining a maximum in about 1 
hour. For the next day or two the radioaetivity remained relatively con- 
stant and then began a steady decline which apjjroximatcd first order kinet- 
ics. The early rise in radioactivity apparently represented the period 
during which tiic labeled precursor was pre.^ent in eomparativcb'high con- 
centration and was therefore undergoing rapid incorporation in the GSH of 
the cell. 

With the time-course of labeled GSH formation and disappearance thus 
roughly determined, rats of the same age, weighing 215 to 235 gm., were 



Fig. 1. Disappearance of labeled GSH from rat erj'throcytes following a prelimi- 
nary' labeling of GSH with glycine-2-C'‘. Specific activ'ities are in counts per min- 
ute per millimole of GSH divided by the hematocrit, the GSH being that isolated 
from 0.5 ml. of blood after the addition of 25 mg. of carrier GSH. All points repre- 
sent the averages of three animals, e.xcept those at 23S and 310 hours, which are for 
two animals only. 


selected for the final e.xperiment. Beginning at 48 hours after injection, 
blood samples were collected during a period of 262 hours. In Fig. 1 is the 
average disappearance curve for this interv^al. The half life, calculated 
from the curve, is 65 hours. Multiplying this figure by 1.44 gives the turn- 
over time (average life) as 94 hours. A half life of the order of 4 daj's has 
recently been reported for the turnover of erjdhrocyte GSH in man (8). 

Distribution of Radioactivity — ^Table I presents the distribution of radio- 
actmty in the constituent amino acids of GSH at various times. It will be 
noted that relatively high isotope concentrations were found, as was to be 
expected, in the glycine component. Some radioactmty also appeared in 
the cysteine and the glutamic acid, the cysteine having almost twice the 
activity of the glutamic acid. The relative activities remained essentially 
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unaltered throughout the time of experiment, indicating that the three 
amino acids were lost at the same rate. 

A typical analysis of labeled GSH formed in vitro is included in Table 1 
for comparison. In contrast to the results obtained in vivo, no radioactivity 
could be detected in the cysteine and the glutamic acid components. Thus 
it appears that the red cell does not convert glycine to either one of these 
amino acids. The labeled cysteine and glutamic acid residues appearing in 


Table I 

Distribution of Radioactivity in Amino Acids of Erythrocyte GSH after 
Injection of Glycine-S-C^* in Rat 


1 

Time after ' 

C.p.m. per 
mmole X 10"‘ 
in GSH* 

C.p.m. per 
mmole X 10~' 

Per cent recov- 

Per cent recovered activity in 

injection 

recovered in 
amino acidsj 

cred activity! 

Glycine 



hn. 

72 

336 

315.8 

94 

85.8 

8.5 

5.7 

143 

142 

132.1 j 

93 

86.5 

7.9 

5.6 

238 

68 

66.5 1 

98 

86.5 

8.6 

4.9 

310 

25 

25.1 

1 

100 

1 87.8 

7.2 

! 

5.0 

In vilro\ 

3394 

3121 

92 1 

o 

o 


0.0 


* Isolated from 0.5 ml, of blood after the addition of 25 mg. of carrier GSH. 
f Sum of the activities of glycine, cysteine, and glutamic acid after corrections 
for losses incurred in the reaction of the amino acids with dinitrofluorobenzene, in 
column adsorption, and in the e,xtraction of DPN derivatives. 

t The recovery was calculated as the value in the third column divided by 1 per 
cent of the value in the second column. 

§ Labeled by incubating a suspension of red cells with glycine-l-C*^ for 2 hours 
at 37° under 5 per cent carbon dioxide and 95 per cent nitrogen. 

red cell GSH must be formed from the injected glycine before the latter 
enters the cell. 


DISCUSSION 

The validity of the calculated turnover rate depends upon the assumption 
that the labeled glycine or other radioactive precursors of GSH foi'med from 
the injected glycine were not present in significant amounts during the time 
the rate of disappearance of the labeled GSH was being measured. Fried- 
berg and Greenberg (9) found amino acids to be rapidly removed from the 
blood plasma, about 85 per cent disappearing within 15 minutes after ad- 
ministration. ., 1,1 

Nevertheless, the possibility of an appreciable incorporation of labeled 

glycine returned to the amino acid pool from the breakdown of labeled 











R. A. MOIITEXSEK, M. I. HALEV, AND H. A. ELDER 


273 


GSH and proteins cannot be excluded. Such incorporation would decrease 
the apparent turnover rate and increase the time. This effect, however, 
was probably not large, since the logarithmic radioacth-ity cur\'e (Fig. 1) 
showed no tendency to level off during the period (four half lives) in which 
measurements were made. 

That the disappearance of labeled GSH may occur as a result of enz>-me- 
catalyzed exchange reactions seems unlikely in rdew of the constancy of the 
relative actmties found in the amino acid components of the red cell 
GSH throughout the experiment. For the decline in labeled GSH to be 
brought about by an exchange of non-labeled amino acids for the labeled 
amino acid residues would require similar rates of exchange of all three 
amino acids. This condition seems improbable. Apparently exchanges 
of the amino acid residues in GSH do not occur in the red cell. 

The results must be affected to some extent by the rate at which red 
cells disappear from the circulation. According to a recent report (10), 
rat eiydhrocji;es undergo random phj'siological destruction with a 50 per 
cent survival of about 50 days. At this rate, cell destruction would be 
expected to decrease the apparent average life by no more than 3 or 4 
per cent. 


SUMMART 

The turnover of glutathione in erj^hrocjdes has been studied by measur- 
ing the disappearance of labeled glutathione after a single injection of 
glycine-2-C‘‘‘ into rats. The half life was calculated to be about 65 hours. 

Radioactmty appeared in all three of the amino acid components of 
eiyiihrocyte glutathione. The conversion of glycine to cysteine and glu- 
tamic acid occurs prior to the entrance of glycine into the cell. 

The distribution of radioactmty among the amino acid residues remained 
unaltered throughout the time of experiment. This obsen'ation was 
interpreted as indicating the probable absence of exchanges of amino acids 
for the amino acid residues of glutathione in the red cells. 
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TURNOVER OF PALMITIC, STEARIC, AND UNSATURATED 
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Experimental Statistics, North Carolina State Colleyc, Raleigh, North Carolina) 

(Received for publication, April 11, 1955) 

The advent of isotopes as a biochemical tool has given rise to consider- 
able work designed to estimate the rate of metabolism of liver lipides in 
intact animals (1-9). In most instances the tracer dose was given for an 
e.vtended period, and the estimates of the half turnover time were obtained 
from the time required for the tracer dose to reach half maximal concen- 
tration or the time required for the tracer concentration to fall to half 
maximal concentration after administration of the tracer was discontin- 
ued. The interval between measurements for these e.xperiments was gen- 
erally 24- hours; consequently, estimations of half turnover times for much 
less than a day were not obtained. Recently Heves}’’ et al. (7, 8) and 
Beeckmanns and de Elliot (10) have shown by means of the single dose 
technique the existence of a rapidi}' metabolizing liver lipide fraction in 
mice and rats. Although some workers have separated the saturated and 
unsaturated fatty acids (6, 8), most observations were made with the total 
fatty acids of the liver. Thus, there is little information on the rate of 
metabolism of one fattj' acid relative to another. In the report that 
follows, specific acti\dty-time curves for palmitic, stearic, and the un- 
saturated fatty acids of phosphatides and neutral fat of rat liver are pre- 
sented. 


EXPERIJIENTAL 

Weanling male rats of the Holtzman strain were reared in indiAudual 
cages and were fed a fat-free purified diet consisting of the following parts: 
sucrose 76, “vitamin test” casein 20, Salts IV (11) 4, and L-cystine 0.2. 
To each 100 gm. of ration the following ^itamins were added: thiamine hj'- 
drochloride 0.2 mg., ribofla\in 0.3 mg., pjoidoxine hj’-drochloride 0.25 mg., 
nicotinic acid 1.0 mg., calcium pantothenate 2.0 mg., choline chloride 100 
mg., menadione 0.5 mg., folacin 0.2 mg., inositol 10 mg., biotin 0.01 mg., 
and vitamin Bio 0.005 mg. The fat-soluble ^itamins were dissolved in 
methyl laurate, and each rat received 20 y of \itamin A acetate, 0.04 y of 

* Published with the approval of the Director of the North Carolina Agricultural 
E.\-periment Station as Paper No. 62S of the Journal Series. This work was sup- 
ported in part by the Atomic Energy Commission under contract No. AT- (40-1) -1324. 
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vitamin D 2 , and 1 mg. of a-tocoplierol acetate orall}’' at weekly intervals. 
Tetrabromostearic acid (m.p. 114-116°) methylated and then debrominated 
by zinc was used to supply the essential fatty acid requirement. Each 
rat received 90 mg. of methyl linoleate per day. At the end of 21 weeks, 
the rats had attained an average weight of 317 gm. Since the growth 
curve had essentially reached a plateau at this weight, the animals were 
judged to be in a steady state. 

Each rat was then given 10 rc. of carboxyl-labeled sodium acetate 
(Tracerlab), having a specific activity of 1 pc. per pm ole, by intraperitoneal 
injection. Animals were sacrificed, by decapitation, at 4 hour intervals 
beginning at 2 hours and extending to 44 hours after the acetate injection. 
The livers were removed and extracted twice with a hot 3 : 1 alcohol-ether 
mixture, and then bj^ ether to obtain the lipides. The extracts were com- 
bined and then dried in vacuo in an atmosphere of nitrogen. The phos- 
phatide and the neutral fat fractions were separated bj’- acetone and mag- 
nesium chloride precipitation as described by Pihl and Bloch (5). Both 
fractions were saponified for 1 hour with 10 per cent boiling ethanolic 
potassium hydroxide in an atmosphere of nitrogen. After extraction of the 
fatty acids, the unsaturated fatty acids were oxidized to their polyhydroxy 
derivatives by cold alkaline permanganate according to the procedure of 
Nunn and Smedley-MacLean (12). The mixture of the saturated and 
the polyhydroxy acids was removed from the oxidation medium by ether 
extraction after acidification and solution of the manganese dio.\'ide by 
sulfur dioxide. After evaporation of the solvent, the fatty acids were dis- 
solved in 80 per cent aqueous acetone; the palmitic, stearic, and unsatu- 
rated fatty acids (as the polyhydroxy derivatives) were separated by the 
reverse phase chromatographic procedure of Howard and Martin (13). 
An aqueous solution of the potassium salt of each saturated acid was 
washed with petroleum ether (Skellysolve F) and the fatty acid extracted 
with this solvent after acidification. The petroleum ether-fatty acid 
solution was exhausti^^el3'' washed Avith AA'ater, and the ether AA’as removed 
by evaporation at 90°. The poljdij’^droxy acids AA^ere purified by copper 
lime precipitation (14) and the precipitate thoroughly AA’ashed AA'ith AA^ater. 
Each fatty acid sample AA^as then oxidized (15) and counted, as barium 
carbonate, in a AvindoAAdess Aoaa' counter. The counts AA^ere corrected foi' 
self-absorption to infinite thinness. Specific activity is expressed as counts 
per minute per mg. of barium carbonate. 

RESULTS AND DISCUSSION 

The specific actiAUty-time cuiwes of the phosphatide and neutral lat 
palmitic, stearic, and unsaturated acids (Figs. 1 to 3) sIioaa' that the half 
turnoAmr time of each of these acids is in the order of a feAA^ hours rathoi- 
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than 1 daj'. The time at whicli maximal specific actinty is reached agrees 
with the data of Ilevcsy (S) on the combined neutral fat fatty acids and 
the results that Gidez and Karuovsky (IG) obtained with glj-cerol. 

The second peak in the specific activity-time curves is clearly e^^dent for 
all acids except neutral fat palmitic acid. Bceckmanns and de Elliot (10) 
have observed a similar event in the specific activity'-time curves of liver 
lipides in the mouse. They concluded that the first peak represents the 
turnover of a minor lipide fraction. Hevesy and coworkers (7 , 8) concurred 
in this conclusion. This interpretation of the rapid metabolism observed 
is not at variance ufith the turnover values of from less than 1 or 1.9 days 



Fig. 1. Specific activity-time curves of palmitic acid of liver phosphatides and 
neutral fat following the injection of carboxyl-labeled acetate, 

obtained from the long time constant dose experiments (4, 6). There has 
been no direct etndence, however, that the rapidly renewable fraction is a 
minor one. Since the fatty acids of both the liver phosphatides and neutral 
fat as well as gtycerol of these two fractions (16) are rapidly renewable, 
distinguishing the presence of a minor fraction from the mass of liver lipides 
is not possible. Therefore, an alternative interpretation is that the mass 
of liver lipides is rapidly metabolized. 

The second peak in the specific activity-time curves shown in Figs. 1, 2, 
and 3 could be the result of recycling of radiocarbon into the hepatic fatty 
acids from some other metabolite previously derived from the injected 
acetate. That an extensive number of non-fatty acid metabolites may 
arise from carboxyl-labeled acetate has been demonstrated by Katz and 
Chaikoff (17). It is conceivable that the second peak could arise, at least 
in part, from any of these compounds as well as from the extrahepatic fatty 
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acids. The second peaks could also be the result of differences in the rates 
at which the various components of either the phosphatide or of the neutral 
fat mixtures are metabolized. Differences in the rates of metabolism of the 
same type of lipide in the various parts of the cells might also account for 
the second peaks. However, the similarity between the specific activity- 




TIME (HOURS) TIME (HOURS) 

Fig. 2. Specific activity-time curves of stearic acid of liver phosphatides and 
neutral fat following the injection of carboxyl-labeled acetate. 



TIME (HOURS) 



Fig. 3. Specific activity-time curves of the unsaturated fatty acids of liver phos- 
phatides and neutral fat following the injection of carboxyl-labeled acetate. 


time curves of the phosphatides and of the neutral fat would tend to render 
the latter two hypotheses less likely. 

The points comprising the specific activity-time curves of the constant 
dose type of experiment were not taken at intervals frequent enough to 
permit observation of a rapid metabolism (4, 6, 8). Moreover, if points 
of the specific activity-time curves pi-esented in this paper are selected 
at intervals approximating 24 hours, the half turnover times calculated 
from these points are in good agreement with values previously reported. 
Therefore, the turnover curves derived from measurements taken at daily 
intervals could represent the sum of a scries of recycling events and thus 
yield half turnover times which Avere considerably longer than the true 

values. 
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Inspection of the specific activity-time curves for palmitic acid (Fig. 1) 
and the unsaturated fatty acids (Fig. 3) reveals no apparent difference be- 
tween the metabolic rates of liver phosphatidcs and of liver neutral fat. 
The data presented for these acids support the concliusion of Pihl and Bloch 
(o) that the liver phosphatidcs are not obligatory intermediates in the 
synthesis of neutral fat. It is also apparent from an inspection of the 
curves in Figs. 1 to 3 that the metabolic rates of palmitic acid, the un- 
saturated acids, and phosphatide stearic acid are similar. In contrast, 
the specific acthity of the neutral fat stearic acid rises more slowly than 
that obser\'ed for the other acids; hence it would appear that the metabo- 
lism of neutral fat stearic acid is slower than that of the other acids. Since 
the turnover of the phosphatide stearic acid is faster than that of the 
neutral fat stearic acid, it would seem likelj- that the rate of formation of 

T.^ble I 


Average Fatly Acid Concentration in Rat Liter 


FaU> acid 

Concentration, m?. 

per 100 pn. Ii%cr* 

Phosphatide 

Neutral fet 

Palmitic 

' 66 

1 45 

Stearic . . 

119 

! 21 

Unsaturated 

233 1 

1 1 

. 136 


* The average liver weight was 9.4 gm. 


the stearate ester bonds in the neutral fat fraction is slower than that of 
the other ester bonds in the liver lipides. Of course this hj-pothesis is 
based on the conclusion that the phosphatides are not obligatory inter- 
mediates of the neutral fat. 

The specific acti\’ity values of the neutral fat palmitic acid are about the 
same as those of the phosphatide palmitic acid. Similarl 3 ', the unsaturated 
fatty acids of the neutral fat and the phosphatide fractions have approxi- 
matelj' equal specific acthntjL In contrast, however, the specific actirdties 
of the neutral fat stearic acid are onlj' about one-eighth those of the phos- 
phatide stearic acid. Since both the neutral fat and phosphatide fractions 
are mixtures of several components, it is possible that one component 
especially rich in stearic acid does not attain rapid equDibrium nith the 
remainder of the sj'stem. There is, however, no exndence at present to 
support such a supposition. 

The results reported here confirm the obserr'ations of Pihl, Bloch, and 
Anker (6) and Heves 3 ^ (8) that the specific actmt 3 ' of the xmsaturated fatt 3 ' 
acids is less than that of the saturated fatt 3 " acids. These workers cal- 
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culated that the half turnover time of the unsaturated acids was about 
twice as long as that of the saturated acids. In contrast, however, the 
results of the experiment in this report indicate the half turnover times of 
the unsaturated fatty acids to be about the same as those of the saturated 
fatty acids, with the exception of neutral fat stearic acid. 

The concentrations of the various fatty acids isolated are reported in 
Table I. The values were determined from the amounts isolated chro- 
matographically; the unsaturated fatty acids are calculated as dihydroxy- 
stearic acid. It is apparent that, with the exception of neutral fat stearic 
acid, neither the specific activity level nor the turnover of the fatty acids 
was correlated with the hepatic concentration. 

SUMMARY 

Two distinct peaks have been observed in the specific activity-time 
curves for the individual fatty acids of the phosphatide and neutral fat 
fractions of rat liver. It is apparent from these curves that the turnm^er of 
hepatic fatty acids is faster than was previously reported. There were no 
differences in the rates of metabolism of the various phosphatide fatty acids, 
neutral fat palmitic acid, or neutral fat unsaturated acids. However, the 
rate of metabolism of neutral fat stearic acid appeared to be slower than 
that of the other fatty acids. In the case of palmitic acid and the un- 
saturated fatty acids, the specific actmty values of the phosphatide acids 
were similar to those of the neutral fat acids. In contrast, however, the 
specific activity values of the phosphatide stearic acid were about 8 times 
those of the neutral fat stearic acid. 

The authors wish to express their gratitude to Mrs. Jonnie Wilkins for 
valuable technical assistance, to Merck and Company, Inc., Rahway, New 
Jersey, for the crystalline vitamins, and to the General Electric Company, 
Schenectady, New York, for the dichlorodimethylsilane used in preparation 
of the chromatographic columns. 
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STUDIES IN HISTOCHEMISTRY 
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Br CHRISTINE D, JARDETZIvY and DAVID CLICK 

(From the Hislochcmistry Laboratory, Department of Fhysioloyieal Chemistry, 
University of Miyinesota, Minneapolis, Minnesota) 

(Received for publication, June 3, 1955) 

A considerable literature has developed on the use of tetrazolium com- 
pounds for localization of succinic deh 5 ^drogenase activit}’’ in tissues bj’’ 
staining reactions. However, there are relatively few reports on the use 
of these compounds for macroquautitative analysis of this enzyme (1-5). 
In the present report, a quantitative method applicable to microgram 
amounts of tissue, such as microtome sections, will be described. The 
application of this method to a study of the histological distribution of the 
enz 5 Tne in the adrenal gland of the rat i\'ill also be given. 

The quantitative tetrazolium methods are based on the reduction of 
tetrazolium compounds to water-insoluble colored formazans, when the 
former act as hj^drogen acceptors during the enzymatic oxidation of succi- 
nate to fumarate. The formazan is extracted ndth a fat solvent and this 
solution is subjected to colorimetry. Advantages in the use of neotetra- 
zohum over triphenjdtetrazolium salts for quantitative work have been 
pointed out bj’- Clock and Jensen (5) ; neotetrazolium was used in the pres- 
ent investigation. After difficulties encountered in the elaboration of the 
micromethod were resolved, a procedure was developed which proved to 
be relatively simple and rapid, as well as sensitive and accurate. 

EXPERIMENTAL 

Apparatus — ^The reaction vessels were 25 X 4 mm. Pyrex glass tubes, 
of 0.3 ml. capacity, fitted with flat top ground glass stoppers. The tubes 
and stoppers were marked to facilitate matching. In addition to the 
ground glass stoppers, a set of stoppers was made from short lengths of 
plastic tubing plugged at one end with glass rod ((6) p. 169). Constric- 
tion pipettes ((6) p. 172) of the following capacities were employed: 5.0, 
11.6, 17.7, and 31.2 /ih All of the pipettes, except the largest which was 
used for tetrachloroethylene, were treated with silicone to avoid creeping 

* This investigation was supported by a research grant. No. RG-3911(C), from the 
National Institutes of Health, United States Public Health Service, and the Medical 
Research Fund of the Graduate School, University of Minnesota. 
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of liquid by filling them with a solution of Drifilm (General Electric Com- 
pany). They were then drained, dried, and rinsed several times with dis- 
tilled water. An additional untreated, roughly calibrated constricted 
pipette of 15 to 17 ;ul. capacity was used to fill the cuvettes. The narrow 
stem of this pipette had an outer diameter of < 1 mm. so that its tip could 
fit to the bottom of the lumen of the cuvette, and a calcium chloride dry- 
ing tube was attaehed to the pipette to prevent uptake of moisture from 
the breath. Caleium chloride tubes Avere used similarly Avith the 17.7 and 
31.2 Atl. pipettes. 

Colorimetry was carried out in glass capillaiy cuvettes with a 1 mm. 
lumen diameter, 10 mm. in length, and 7.9 lA. capacity. The cuvettes 
were used with a microscope colorimeter (7) employing an interference 
filter (Farrand) having peak transmittance at 519 mju. Other apparatus 
used, including the “buzz” mixer and micro centrifuge (Microchemical 
Specialties Company), was the same as that employed in previous work (8). 

Reagents — The following solutions "were prepared as indicated: m/15 
phosphate buffer, pH 7.7; 0.068 m disodium succinate in m/15 phosphate 
buffer, pH 7.7; 0.5 per cent neotetrazolium chloride (Dajac) (to 5 ml. of 
distilled water and 0.05 ml. of 1 n HCl in a 10 ml, volumetric flask add 50 
mg. of the dye, stopper, and shake under running warm "water until all 
dissolves, cool to room temperature, make up to volume, centrifuge to 
sediment any particles, and then store the supernatant solution m the dark); 
5.34 X 10~^ M disodium ethylenediaminetetraacetate (Versenate, Bers- 
worth) in m/15 phosphate buffer, pH 7.7; alcohol-tetracliloroethylene 
mixtures (1 : 1 and 2: 1 by volume of absolute ethyl alcohol and tetrachloro- 
ethylene (Eastman Kodak)) ; stock standard solution (dissolve 2.3 mg. of 
neotetrazolium diformazan (S 3 mthetical Laboratories) in 25 ml. of alco- 
hol-tetrachloroethylene mixture 1:1); Avorking standard solutions (dilute 
stock standard Avith the 1 : 1 mixture 2.5, 3.0, 5.0, 10.0, 25.0, and 50.0 times 
and store all standard solutions in the cold and dark). 

Preparation of Samples for Chemical Analysis and Histological Control 
Eat liver homogenates Avere prepared by passing chilled fresh liver through 
a stainless steel tissue press having 1 mm. pores, then homogenizing AAuth 
9 volumes of m/15 phosphate buffer, pH 7.7, in a Potter-El vehjem apparatus 
cooled in an ice bath. Dilutions were made wdth the Versenate-phosphate 
buffer to give the desired concentration in any experiment. 

When microtome sections of fresh frozen rat adrenal tissue AA^ere used 
for anaWsis, samples were prepared as described by Bahn and Click (9), 
by using a punch 1.5 mm. in diameter and cutting 16 n sections. Adja- 
cent serial sections A\^ere used in the folloAving order: one section for his- 
tology, tAVO for enzyme analysis, two for analytical control, and one for 
protein nitrogen determination. The sections taken for histological ex- 
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aminatioii were treated and stained with toluidine blue by the procedure 
of Babn and Cdick (9), and the protein nitrogen analysis was performed 
by the method of Najyar and Click (10). 

Procedure for Sucewie Dehydrogenase Determination — (1) Pipette 11.6 
n\. of the Yersenate solution into the bottom of each reaction vessel. (2) 
Add 5 gl. of the neotetrazolium solution to the liquid in each vessel, close 
with glass stoppers, and place at —20° to freeze. (3) With the tip of a 
drawn out glass rod, place a frozen microtome section of tissue or other 
frozen sample on the frozen liquid and restopper. The follo^-ing steps 
through (5) must be carried out in dim light. (4) Hold each vessel be- 
tween the fingers until half of the liquid has melted, add 5 /xl. of buffered 
substrate solution, mix brieflj’' by “buzzing,” but do not break up the tis- 
sue any more than necessary. Seal 'U'ith plastic stoppers, and suspend in 
a thermostat at 37°. For this step allow 2 to 3 minutes for each tube and 
record the time at which each is placed in the thermostat. (5) Allow the 
contents of the tube to digest for 1 hour, centrifuge for 0.5 to 1 minute at 
3800 X g, draw off the supernatant fluid as completely as possible, and 
discard. The 17.7 gl. pipette can be used for this purpose. Pipette 31.2 
/xl. of alcohol-tetrachloroeth 3 'lene mixture (1:1) into each vessel, “buzz,” 
and seal ndth glass stoppers. The 2 to 3 minute interval following re- 
moval of each tube from the thermostat should be sufficient to permit all 
of the operations in this step. (6) Add to all reaction vessels 17.7 /xl. of 
absolute alcohol and mix. (7) Close the vessels with their respective glass 
stoppers, and centrifuge for 5 minutes at 1900 X g. The color of the liquid 
is stable for a number of hours. (8) Set the microscope photometer to 
100 per cent transmission with the alcohol-tetrachloroethylene mixture 
(2:1). For each sample fill a cuvette and immediately measure the ab- 
sorbancy at 519 m/x. (9) Add 17.7 /xl. of absolute alcohol to 31.2 /xl. of a 
working standard solution and use this mixture to check the performance 
of the instrument by comparing it with the calibration curve. (10) Cor- 
rect the absorbancy of the unknown for the no substrate blank and express 
enzyme activity as the amount of formazan produced per hour. (A no 
enzyme blank prepared with the complete reaction mixture, but without 
the biological sample, gave a zero absorbancy and therefore could be ig- 
nored. However, no substrate blanks containing all reaction components 
except succinate, which was replaced by phosphate buffer, were apprecia- 
ble and had to be included.) 

Reduction of Neotetrazolium — Common practice for the chemical reduc- 
tion of a tetrazolium salt has been the addition of a few crystals of sodium 
hydrosulfite to the solution. Nordmann et at. (2) proposed the use of 
ammonium sulfide as the reducing agent and pointed out that direct h 3 ^- 
drogenation could be emplo 3 -ed. In this study h 3 ^drosulfite was used in 
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controlled quantities, both as the solid and as a freshly prepared solution 
which is stable for 1 to 2 minutes. Reproducibility of the formazan solu- 
tion could not be obtained. In view of the fact that hydrosulfite undergoes 
simultaneous oxidation and reduction in aqueous solution according to 
the reaction 2 Na 2 S 204 — > Na 2 S 203 + Na 2 S 206 , the fresh solution was used 
with an equivalent of added ascorbic acid in an attempt to suppress the 
oxidizing action of the Na2S206, without success. The procedure of Glock 
and Jensen (5), in which solid hydrosulfite is used to produce a diformazan 
suspensoid from which serial dilutions can be made, also yielded irregular 
results. 

Other reducing agents tested were arsenite, thiosulfate, sulfite, hj’^drogen 
sulfide, cyanide, ascorbic acid, |S-mercaptothiazoline, metallic sodium, and 
ammonium sulfide. Only the last two 5 delded formazan, and the am- 
monium sulfide was the better, giving a highly reproducible formazan solu- 
tion which followed Beer’s law when measured at 550 mix. However, the 
absorption curve for this formazan solution was too different from that 
obtained by enzymatic reduction to make its use desirable for colori- 
metric standardization (Fig. 1). 

From Fig. 1 it is apparent that both the diformazan and the enzymati- 
cally reduced product have a common maximal absorption at 520 to 530 
mix. Solutions of the diformazan in tetrachloroethylene-alcohol followed 
Beer’s law over the absorbancy (Z>) range of 0.05 to 0.60, The slope of 
this linear relationship was as follows; millimicrograms of neotetrazolium 
diformazan = 1104 D. For absorbancies from 0.60 to 0.90 the values were 
less than would be expected from the linear relationship. 

Extraction of Diformazan — Solvents such as acetone and ethyl acetate, 
that have been used to extract formazans from tissues or homogenates, are 
too volatile for use in the capillary cuvettes employed in this work. Another 
difficulty has been incomplete extraction from wet tissue samples with any 
of the solvents which have been employed, e -B utanol, w-propanol, and 
tetrachloroethylene were tested in the present study, and of these the last 
proved to be most effective. Difficulty was still experienced in getting 
complete extraction, owing to binding of the diformazan to protein, and 
treatment with acids, bases, or bile salts was ineffective. The problem 
was finally solved by addition of an equal volume of absolute alcohol lo 
the tetrachloroethylene. The alcohol served to dehydrate and denature 
the protein, rendering the diformazan easily extractable. The extraction 
was applied most effectively by centrifuging the diformazan-tissue mix- 
ture, pipetting off the supernatant fluid, and then extracting the residue 
with the alcohol-tetrachloroethylene solution. While the 1:1 proportion 
was preferable for tissue sections, a 3:1 mixture of alcohol-tetrachloro- 
ethylene proved desirable for liver homogenates. 
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Stopping Enzyme Action — ^Methods for stopping the enz\-me action at 
the end of the digestion period were tested. At first, immersion of reac- 
tion tubes and blanks in boiling water for periods from 10 seconds to 1 
minute was tried. Tliis caused an increase in absorbancj' of about 30 
per cent. The use of the alcohol-tetrachloroetlndene for extraction of 
formazan proved to be an adequate means of blocking further enz 3 Tne 
action. 

Optimal Conditions — ^The procedure given earlier in this paper was modi- 
fied as follows for use with liver homogenate to permit studj' of optimal 



ducing agents. Cur\'e 1, neotetrazolium diformazan standard 1.15 mg. per cent; 
Curve 2, neotetrazolium diformazan standard 2.3 mg. per cent; Curve 3, enzj-matic 
reduction; Curve 4, ammonium sulfide reduction. 

conditions for assay: 5 pi. of neotetrazolium chloride and 5 pi. of succinate 
solutions were placed in a reaction tube. 11.6 pi. of diluted homogenate 
were added, and the tube was “buzzed” to mix, stoppered, and placed in a 
thermostat at 37° for digestion (1 to 3 hours). Then the earlier procedure 
was continued, starting vith step (5), but 60 pi. of 3:1 alcohol-tetrachloro- 
eth 3 'lene were used instep (5), step (6) was omitted, and then steps (7 to 
10) were followed. 

In a control experiment the loss of formazan color during digestion and 
up to the time of extraction, owing to the room illumination, was found 
to var 3 ’' from i to 14 per cent. Therefore, all digestions were conducted 
in the dark, and the steps immediately foUowing up to the extraction were 
earned out in subdued light. Once the formazan was extracted with the 
alcohol-tetrachloroethylene, the color was stable. 
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Various substances were added to the reaction mixture in an attempt to 
enhance the reaction. Gum ghatti was employed to stabilize the neotetra- 
zolium by preventing flocculation in the alkaline reaction medium. How- 
ever, a 30 per cent loss in activity resulted, and its use was discontinued 
(Table I). 

Kun and Abood (1) and Zollner and Rothemund (11) found that sodium 
cjmnide in the reaction mixture did not affect the enzyme acthdty when 

Table I 

Effect of Additions on Succinic Dehydrogenase Activity 


Final concentration, gum ghatti 0.05 per cent, Versene 2.13 X 10'^ ji, NaCN 
1 X 10~^ M, CaClj 4 X 10"^ M, AlCla 4 X lO"^ sodium succinate 1.7 X 10"* M, neo- 
tetrazolium 0.125 per cent, total phosphate 5 X 10~* m. 


Sample 

No. of 
analyses 

Absorbancj'. mean 
± standard error 

Per cent change 

Control 

5 

0.76 ± 0.022 


Gum ghatti 

5 

0.53 ± 0.025 

-30 

Control 

3 

0.39 ± 0.019 


NaCN 

3 

0.36 ± 0.012 

-7 

Control 

2 

0.53 ± 0.005 


Versene 

3 

0.90 rfc 0.019 

1 +70 

“ NaCN 

4 

0.88 ± 0.024 

-2 

“ Ca++, Al^-^+ 

2 

1 

0.S5 ± 0.005 

-6 

Control 

1 

3 

0.60 ± 0.020 


Ca++, Al^+ 

3 

0.60 ± 0.029 

0 

Versene 

2 

0.73 ± 0.000 

+22 

“ Ca++, A1+++. 

3 

O.SO ± 0.037 

( 

+9 

Control 

4 

0.52 ± 0.010 


Versene 

4 

0.68 ± 0.015 

+31 

Ca++, Al+^ 

4 

0.54 ± 0.035 

+4 


triphenyltetrazolium was employed aerobically. Activation by cyanide 
of the reduction of triphenyltetrazolium by yeast cell suspensions was re- 
ported by Nickerson and Merkel (12). A 50 per cent inhibition by cya- 
nide of the enz 3 ^matic reduction of blue tetrazolium under aerobic condi- 
tions was reported by Seligman and Rutenberg (13), but no inhibition was 
found anaerobically. From Table I it is clear that under the conditions 
used cyanide had little effect. 

In staining reactions it has been reported that calcium and aluminum 
ions activate the enzyme (14, 15), but under the conditions of this work no 
favorable effect was obtained (Table I). 
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Vorseiialc was found to exert a constant activation from 2 X 10~’ to 
2 X 10~* M (Table I). This is in accord with the well known fact that 
heavy metal ions inhibit the activity bj* sulfhydiyl binding and that che- 
lating agents of these ions remove the inhibition. Kun (16) used histidine 
to chelate hca\y metal contaminants. Nickerson and iMerkcl (12) re- 
ported the increased reduction of triphenj'ltetrazolium b}' yeast cells in 
the presence of Tersenate, 

No further increase in activity was observed when the neotetrazolium 
was used in final concentrations of from 0.05 to 0.20 per cent. iSIaximal 
actmty was obtained with 0.017 m sodium succinate, increases to 0.04 
did not change the actintj', but decreases to 0.004 .m caused a small drop 
in actmty. Potter and Schneider (17) recommended the use of 0.017 m 
succinate for the enzjTne assa}' b}' the o.xygen consumption method. 

Duplicate or triplicate anal3-ses with liver homogenate at final concen- 


T.kble II 

Reproducibility of Succinic Dehydrogenase Determination in Rat Liver 


Sample 

N'o. of 
anafyses 

Absorbanej* 

Mean 

Optimal estimate 

Standard error 

i 

Homogenate (0.116 mg. tissue) . . 

s 

0.49 

0.028 

0.011 

Tissue section (2 mm, diameter, 





16 (i thick, 0.05 mg.) 

4 

0.60 

0.024 

0.012 


trations of 0.29, 0.58, 0.87, and 1.16 per cent, corresponding to 0.058, 0.116, 
0.174, and 0.232 mg. of fresh liver per reaction vessel, were conducted for 
a digestion period of 2.5 hours. The slope of the actmtj'-concentration 
curve was constant up to a concentration of 0.58 per cent, but at higher 
concentrations it decreased. 

Fairly constant acti\dty was obsen'ed over the range pH 7.4 to 7.8. A 
20 per cent loss was noted at pH 7.2. The pH of the digestion medimn 
finallj’’ emploj^ed was 7.6. 

A linear relationship between enzjnne activity and time was obtained 
for digestion intervals of 0.5, 1, 2, 3, and 4 hours with 0.58 per cent liver 
homogenate. 

Reproducibilily — ^Analyses on liver homogenates and tissue sections were 
carried out to eraluate the reproducibility of the method. The variation, 
expressed as the optimal estimate of the mean, was about 5 per cent in 
both cases (Table II). 

The enzyme actmty of a volume of blood (0.056 Atl.) equal to the volume 
of two sections, 16 p thick and 1.5 mm. in diameter, was determined in the 
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presence and absence of added succinate. The absorbancy of the slightly 
colored alcohol-tetrachloroethylene extract was found to be the same in 
both cases, indicating that the blood in these tissue samples does not con- 
tribute significantly to the enz 3 ''matic reduction of neotetrazolium. Sec- 
tions of tissue kept at —20° for 24 hours retained all of their enzyme activ- 
ity. Frozen liver stored at —20° for 9 days did not lose activity. 

RESULTS AND DISCUSSION 

Fifteen determinations of the succinic dehydrogenase activity of single 
fresh frozen microtome sections (2 mm. in diameter, 16 n thick, 0.05 mg.) 
from the livers of six rats gave a mean value of 394 m/ugm. of formazan per 
hour per section, with an optimal estimate of the mean of 54.6 and a stand- 
ard error of 22.3. Corresponding data for the mean protein N were 1.445 
7 per section, optimal estimate 0.265, and standard error 0.108. Thus 
the mean activity, expressed as millimicrograms of formazan per hour per 
microgram of protein N, was 272. 

The distribution of succinic dehydrogenase in the left rat adrenal is 
shown in Fig. 2; it is apparent that the activity in the reticularis was as 
great as that in liver. It should be noted that the no substrate blank be- 
came particularly important in the adrenal medulla. In liver the blank 
was 10 per cent of the total absorbancy for 1 hour digestions. 

Qualitative distributions of the enzjme in fresh frozen sections of the 
rat adrenal, as indicated by staining reactions, have been reported, and the 
results appear to be conflicting. Thus, Zweifach et al. (18) observed no 
particular localization in the cortex ivith triphenjdtetrazolium, the forma- 
zan being uniformly deposited over all of the cortical regions. In the 
absence of added succinate, endogenous substrate gave a formazan deposi- 
tion in all of these zones except for an area at the juncture of the glomer- 
ulosa and fasciculata. Rutenberg et al. (15) could detect no formazan 
product in any adrenal zone when blue tetrazolium was used with added 
succinate either aerobically or anaerobicalbL The multiplicity of the vari- 
ables, many of which cannot be adequately controlled, may account for 
the differences in the staining reactions. A reliable quantitative method 
with proper controls, such as that outlined in this communication, could 
be used to check the validity of the localizations obtained by staining pro- 
cedures, at least in certain organs such as the adrenal. 

After this investigation w^as completed, a paper by Defend! and Pearson 
(19) appeared in which a quantitative method for succinic dehydrogenase 
was described, based on the treatment of tissue sections with 2-(p-iodo- 
phenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride to give formazan 
staining. The stain w'as extracted with ethjd acetate and subjected to 
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colorimetry. In an earlier report (20) these authors stated that the stain 
for the enzjTnc acthdt}’- showed localization in the glomerular zone of the 
rat adrenal, but that the presence of lipide in the other zones interfered 
wth the staining reaction. No such interference was found with the 
method emplo3'ed in this communication, and the interpretation of the 
data on the adrenal presented no difficultj'. 



Fig. 2. Distribution of succinic dehydrogenase activity in the left adrenal of the 
male albino rat (Holtzman). Microtome sections 1.5 mm. in diameter, 16 ft thick, 
volume 0.028 ;il. The points represent means; the vertical lines through points, the 
standard errors of the means. Histological zones are indicated by C (capsule), G 
(glomerulosa), F (fasciculata), R (reticularis), M (medulla). When sections are 
mixtures of tvro zones, both letters are used. The composite curves represent re- 
suits from six adrenals, indicated bj' the number in parentheses. 


STOIMAKY 

1. A colorimetric method for the quantitative determination of succinic 
dehydrogenase in microgram samples of tissue was described which is based 
on the use of neotetrazolium as the hydrogen acceptor. 

2. The use of an alcohol-tetrachloroethylene mixture for the extraction 
of the formazan product, and Versenate as an activator of the enzyme, 
increased the precision and sensitmty of the method. 

3. The activity of the enzyme in rat liver and its quantitative distribu- 
tion in the rat adrenal were measured. 
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THE PHENOLIC ACIDS OF HUI^IAN URINE* 

PAPER CHROMATOGRAPHY OF PHENOLIC ACIDS 

By IsL\RVIN D. ARMSTRONG, KENNETH N. F. SHAW, and 
PATRICLV E. WALL 

(From the Lahoralory for the Study of Hereditary and Metabolic Disorders and the 

Departments of Biological Chemistry and Medicine, University of Utah College 
of Medicine, Salt Lake City, Utah) 

(Receh^ed for publication, May 16, 1955) 

In tlie course of an investigation of the metabolism of aromatic com- 
pounds in phenylketonuria, it was found that, along with the abnormal 
metabolism of phenylalanine in this disease, there are other striking de- 
rdations from normal. These are manifested by the excretion of greatly 
increased amounts of some indole acids (1) and phenolic acids (2, 3) which 
are present in normal human urine in small quantities. In order to gain 
a clearer understanding" of the deranged metaboUsm of aromatic com- 
pounds in phenylketonuria and in other disorders, it became necessary to 
examine the phenolic constituents of normal human urine. 

Some procedures already have been reported for the chromatographic 
characterization of various phenolic acids (4-9). The compounds for 
which detailed information has been reported are fe"w in number, and there 
has been no systematic investigation of the simple compounds which might 
be expected to occur in urine. The purpose of this paper is to report a 
description of the phenohe acids of human urine. A combination of sol- 
vent systems which is suitable for the separation of forty-nine authentic 
aromatic acids by two-dimensional paper chromatography has been de- 
veloped. 


EXPERIMECTAL 

Some of the compounds in these experiments were obtained from com- 
mercial sources. Others were prepared by methods recorded in the litera- 
ture or were made by unequivocal syntheses when they had not been re- 
ported pre"vdously. Commercially available solvents of the best grade 
which could be purchased were used "without further purification, 

5 7 samples of the compounds "were satisfactory for testing their behardor 
on chromatograms; larger amounts did not show significant! different be- 
ha^^or in the solvent sj’^stems reported here (Table I). When chromato- 
grams were developed with benzene-propionic acid-water, the paper sheets 

* This research was sapported by grants from the National Institutes of Health, 
United States Public Health Service. 
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were allowed to equilibrate in the chambers for 1 hour before development 
was commenced. No preliminary equilibration was employed with the 
other solvent systems. Fresh solvents were used for each chromatogram. 
This is critical with the benzene-propionic acid-water system, since enough 
of the water in the mixture is absorbed preferentially by paper to change 
the composition of the mixture and to cause a marked disturbance of the 
movement of compounds in tlie system if the solvent is used a second time. 
The ?i-butanol-acetic acid-water system was prepared freshly for each run, 
as suggested by Berry el al. (10); Rp values were not affected markedly if 
the solvent was allowed to age, however. It was necessary to apply 
weights to the covers of chambers containing the isopropyl alcohol-ammo- 
nia-Avater system; otherwise sufficient ammonia escaped during an over- 
night lun to cause variations in Rp.^ 

Chromatograms v^ere developed at 25° by capillary ascent on Whatman 
No. 1 filter paper; the solvent fronts ivere allowed to advance 20 to 25 
cm. Chromatograms ivere examined under ultraviolet light (Mineralight) 
for the ability of compounds to fluoresce or to quench the background 
fluorescence of the paper. The phenolic acids ivere visualized by coupling 
them with diazotized sulfanilic acid as described by Berry et al. (10) and 
Avith diazotized p-nitroaniline (4). Reducing phenols and aromatic keto 
acids Avere detected with amnioniacal silver nitrate (10), and aroylglycines 
Avith the hippuric acid reagent of Gaffney et al. (11). The Folin-Ciocalteu 
reagent (12) could be used to detect phenolic acids, but the lack of a char- 
acteristic color Avith individual compounds made this reagent of little use 
in comparison Avith the diazotized amines. 

When chromatograms haA'^e been developed in the benzene-propionic 
acid or butanol-acetic acid system they should be alloAved to stand over- 
night or should be heated in an oven at 100° for 3 minutes before they are 
sprayed Avith the diazotized amines. If this is not done, the residual acid 
present on the paper interferes Avith the deA^elopment of the characteristi- 
callj'' colored d 5 '^es. It is essential that great care be taken to protect these 
chromatograms from contamination AAuth Ampors of phenol AAdiich may be 
present in many laboratories, particularly if phenolic s^^stems are being 
used for other chromatographic AA'ork. Othei’AAUse, background color de- 
velops and conceals the presence of many compounds AAdiich may be present 
in small amounts. 

The chromatographic behaAuor of the authentic compounds is listed m 
Table I. The most satisfactory combination of s 3 ^stems for two-dimen- 

1 Differences may be noted in Rp values obtained by workers in other laboratories 
when conditions reported here are followed exactly. The low relative humidity ( 
to 60 per cent) and atmospheric pressure (640 mm. of Hg) at the altitude ol u 
laboratory (5000 feet) undoubtedly should lead to differences in the obscrvcc if. 
but the relative values of different compounds should bo the same. 


/ 
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sional chromatography has proved to be isopropyl alcohol-aqueous am- 
monia-water (8:1:1) for the first mn, followed by benzene-propionic 
acid-water (2:2:1, organic phase) as the second system. Satisfactory re- 
sults are not obtained if the order in which the systems are used is reversed. 
The location of the known substances on the two-dimensional chromato- 
grams may be estimated from the Rr values listed in Table I. A few sub- 
stances show slightly altered behavior when chromatographed in the mix- 
ture found in urine, but the tentative identification of each has been 
confirmed by the behavior of authentic material added to urine extracts. 

Examination of Phenolic Acids of Urine — An inspection of the cliroma- 
tographic behavior of the authentic phenolic acids studied here, as revealed 
iiy the Rf values of Table I, shows that one-dimensional chromatography 
is of little use in examining a complex mixture such as that presented bj^ 
the phenolic acids of urine and that a two-dimensional S 3 "stem is essential. 
It is necessar 3 ’’ to separate and concentrate the acids b 3 ’' extraction into 
an organic solvent, since chromatograph 3 ' of urine itself gives little indica- 
tion of their presence; the 3 ’ are present in small amounts, and other com- 
pounds interfere with their chromatographic characteristics. In order to 
compare the excretion of the compounds by different indmduals and b 3 >- 
the same person at different times, the amount of extract chromatographed 
is based upon the creatinine content of the urine sample extracted. An 
assay of the preformed creatinine content of a sample is made, and, when 
the final organic e.xtract is prepared, it is diluted to correspond to a definite 
amount of creatinine in the original sample. With samples containing at 
least 100 mg, of creatinine, an extract can convenieDtl 3 r be prepared in a 
concentration such that 1 ml. corresponds to 10 mg. of creatinine in the 
original sample. With smaller samples of urine, such as are obtained from 
infants, a final concentration of 1 ml. per mg. of creatinine can usually be 
prepared. 

Other investigators routinely have subjected urine samples to acid hy- 
drolysis before extraction (4, 7, 8). Only a small proportion of the organic 
acids in human urine has proved to be conjugated in forms which do not 
extract into organic solvents; on the other hand, some of the urinary com- 
pounds are sensitive to acid. Unh 3 '^drol 3 'zed mine has been used for all 
of the present work, and care has been taken to avoid the decomposition 
of compounds which might be unstable to acid conditions. In order to 
minimize decomposition of unstable compounds, batch extractions have 
been carried out rather than continuous e.xtractions. For routine pur- 
poses, 3 X 0.5 volume of portions of eth 3 i acetate^ have been used to ex- 

® (a) The solubility of many of the polar phenolic acids is more favorable in ethyl 
acetate than in ether, (6) ethyl acetate does not form pero.vides which might o.vidize 
sensitive compounds, and (c) for routine use in the laboratory the fire hazard with 
ether would be considerable. 
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Table I 

Chromatogra'phio Behavior of Phenolic Acids 
Solvent syslems, Ipr-NHj, isopropj"-! alcohol-aqueous ammonia-HiO, 8:1:1; Bz- 
Prop acid, benzene-propionic acid-H-O, 2:2:1 (organic phase); aq. KCl, 20 per cent 
aqueousKCl ; Bu-Ac acid, n-butanol-acetic acid-HsO, 8:2:2; Bu-Pyr-Diox, n-butanol- 
pyridine-dioxane-HjO, 70:20:5:5. Reagents, DzSA, diazotized sulfanilic acid (10); 
DzPNA, diazotized p-nitroaniline (4). Abbreviations, It., light; dk., dark; R, red; 
0, orange; Y, yellow; Bl, blue; P, purple; G, gray; Br, brown; Bk, black. 



Rp 

Qualitative color reactions 

Acid 

Ipr-NHa 


Aq, KCl 

Bu-Ac 

acid 

1 

j Bu-Pyr 
Diox- 

Ultra- 

violet 

light 

DzSA 

DzPXA 

1 Mis- 
cella- 
neous 

0 -Hydroxy- 








i 


benzoic 

0.78 

0.88 

0.66 

0.90 

0.43 

Bl 

Lt. Y 

Lt. R 


hippuric 

phenjd- 

0.22 

0.43 

0.68 

0.86 

0.30 


tt it 

(t 

0* 

acetic 

0.76 

0.57 

0.86 

0.91 

0.49 


Dk. 0 

Dk. P 


mandelic(o)t 

0.58 

0.13 

0.82 

0.54 

0.30 

Dark 

Y 

Lt. R 



(0.68) 


(0.88) 

(0.68) 






phenylpro- 










pionic 

0.70 

0.74 

0.77 

0.91 

0.72 


0 

Dk. P 


cinnamic 

phenyl- 

0.35 

0.70 

0.44 

0.93 

0.75 

White 

Lt. 0 

{( tt 


lactic 

0.59 

0.29 

0.84 

0.85 

0.28 


(( (< 

Lt. “ 


phenyl- 

pyruvic(6)t 

phenjd- 


0.21 

0.85 

0.70 

0.43 

White 

0 

P 

G§ 


pyruvic 

(lactone) 

0.54 

0.88 

0.44 

0.85 

0.87 


Lt. 0 

Lt. Br 


m-Hydroxy- 








Dk. R 


benzoic 

0.39 

0.53 

0.70 

0.88 

0.50 

Dk. Bl 

Dk. Y 

0* 

hippuric 

phenyl- 

0.33 

0.09 

0.75 

0.78 

0.19 

CC <( 

<C U 

it 

Lt. P 


acetic 

0.46 

0.49 

0.83 

0.92 

0.46 


Lt. 0 


mandelic 

phenylpro- 

0.37 

0.07 

0.87 

0.68 

0.19 


Dk. Y 

Dk. R 

Lt. P 


pionic 

0.54 

0.61 

0.77 

0.92 

0.68 


Lt. 0 


cinnamic 

phenyl- 

0.44 

0.58 

0.39 

0.93 



Dk. Y 

Dk. R 

Lt. P 


lactic 

0.51 

0.12 

0.86 

0.82 

0.21 


Lt. 0 


phenyl- 
pyruvic (r)t 

t 

0.13 

Streak 

0.74 


Bl 

Dk. Y Br 

G ;Br§ 

p -Hydroxy- 




1 


Dark 

Dk. Y ] 



benzoic 

0.23 

0.55 

0.54 

0.87 

0.68 

Lt 1 

hippuric 

0.15 

0.07 

0.72 


0.18 

< ( 

Lt. 0 ll 

Lt. it t 

J 

phenyl- 

acetic 

0.42 

0.49 

0.82 

0.92 



P 

31 -P 


mandelic 

0.33 

0.07 

0.87 

0.68 

0.16 


Dk. Y 

3, 

■ — 
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Table I — Continued 


\ 



AV 



Qualitative color reactions 

Acid 

[pr-XHi 

i 

Aq. KCl 

Ru'Ac 

acid 

Bu-Pyr- 

Diox 

Ultra- 

violet 

light 

DiSA 

DzP.VA 

Mis- 

cella- 

neous 

p-Hydroxy- 







1 



phenylpro- 










pionic 

0.51 

0.611 

0.73 

0.93 

0.69 


P 

P 


cinnamic 

0.2S ' 

0.58 

0.31 

0.93 

0.67 

Dark 

R 

Bl-G 


phenyl- 

lactic 

phenyl- 

0.45 

1 

0.13 

1 

0.S5 

0.S2 

0.19 


P 

P 


pyruvief 

t 0.15; 

Streak 

0.78 

X 


0-R 

Dk. G 

G§ 

3-MeO-4-OH- 

1 









benzoic 

0.22 ' 

o.so 

0.66 

0.89 

0.60 

White 

R-0 

“ P 


hippuric 

phenyl- 

0.16 

0.18 

0.66 

0.74 

0.16 


Lt. 0-R 

P 

0* 

acetic 

0.39 

0.66 

0.82 

O.SS 

Streak 

Lt. B1 

“ R 

G-Br 

G§ 

mandelic 

0.2S l0.16 

0.84 

0.71 

0.20 


0 -* R 

Bl-G 

ft 

phenylpro- 

1 









pionic 

0.43 . 

0.81 

0.74 

0.91 

0.65 


R-P 

G 

Br§ 

cinnamic 

0.27 10. sol 

0.35 

0.88 

0.63 

BI 

P (fades) 

Bl-G 


phenyl- 

i 

1 








pyruvic 

t 0.25 

Streak 

0.73 

X 

(< 

0-R 

G ; 

G- 










Br§ 

p-Hydroxy- 










cinnamoyl- 

glycine 

0.23 

0.09 

0.46 

0.80 

0.20 

Dk. Bl 

Dk. R 

Bl-G 

0* 

Feruloylglj'- 










cine 

0.18 

0.19 

0.35 

0.75 

0.18 

Bl 

P (fades) 

if 

ft 

Protocate- 










chuic 

0.06 

0.16 

0.73 

0.83 

Streak 

Dark 

Lt. Br 

Br 

Bk§ 

Gentisic 

0.68 

0.26 

0.53 

0.89 

0.34 

Bl 

White 

Lt. Y 

ft 

o-Resorcj’lic 

0.24 

0.09 

0.64 

0.78 

0.39 

Dk. Bl 

Br-0 

Br 


^-Resorcj'lic 

0.39 

0.38 

0.48 

0.92 

0.34 

Bl 

Dk. Br 

Dk. Br 


'/"Resorcj’lic 

0.77 

0.11 

0.50 

0.54 

0.48 

Dark 

ft ft 

Lt. “ 


Gallic 

O.OIJ 

0.02 

Streak 

0.60 

0.29i 

<( 1 

Br 

Dk. “ 


Syringic 

Homoproto- 

0.18 

0.79 

0.57 

0.87 

X 


R (fades) 

Y 

lG§ 

catechuic 

o.oej 

0.15 

0.75 

0.76 

streak 

Dark 

Lt. Br 

Br 

lBk§ 

Homogentisic 

O.OoJ 

0.09 

0.90 

0.75 

0.34 


(C 1 

H 

1 

Caffeic 

O.OoJ 

0.19 

0.36 

0.78 

0.53 

Bl 

<( ft 

ft 

\ << 

Kynurenic 

0.52 

0.16 

0.37 

0.55 

0.21 

« 




Xanthurenic 

3 -Hydroxy- 

0.08 

0.03 

i 0.24 

0.53 

0.23 

ft 

Dk. R 

P 


anthranilic 

5-Hydroxyin- 

0.12} 

0.38 

! 

' Streak 

0.85 

0.65 

ft 

iLt. Br 

G 


doleacetic 

0.32 

o.ie 

i 0.58 

0.76 

0.45 

Faint 

Dk. R 

G 

Bill 




1 




pink 



Bk§ 
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Table I — Con chided 

* p-Dimethylaminobenzaldehyde in acetic anhydride (11). 

f (a) o-Hydroxymandelic acid gives two yellow spots in many of the solvent sys- 
tems. One of these perhaps represents the lactone and one the acid, (b) a-Hy- 
droxyphenylpyruvic acid was used in the form of its lactone, 3-hydroxycoumarin. 
Experiments in which the lactone was allowed to stand in the presence of excess 0.1 
N NaOH and then neutralized before applying to chromatograms showed the pres- 
ence of other components. One of these, in some sj'stems, showed properties ex- 
pected for the free pyruvic acid and the Rp values for it are listed, (c) The pyruvic 
acids bore evidence of decomposition and the presence of several components in 
many systems. This behavior perhaps occurs as a result of the keto-enol tautom- 
erism of these compounds and, in addition, of their reactivity. Special conditions 
will be necessary for the chromatography of these compounds. 

t Decomposes. 

§ Ammoniacal AgNOj (10). 

(j p-Dimethylaminobenzaldehyde in aqueous HCl (10). 

tract urine which was acidified to pH 1 to 2 and saturated with sodium 
chloride. Reextraction of samples that had been subjected to this treat- 
ment showed that small amounts of the more polar compounds are not 
completely extracted. Tliis standard procedure has been used routinely 
for the examination of normal and of pathological urines, however, and 
marked variations in the amounts of polar metabolites present in different 
samples are evident, even though the extraction of some of the compounds 
is not quantitative. 

Procedure by Which Phenolic Acids of Urine Are Prepared for Chro- 
matography — The volume of a sample of urine is measured and the pre- 
formed creatinine is estimated with the Jaffe procedure. An aliquot 
corresponding to a definite amount of creatinine is diluted so that it con- 
tains 0.5 to 0.8 mg. of creatinine per ml. The diluted urine is chilled in an 
ice bath, acidified to pH 1 to 2 (indicator paper) by the careful addition of 
concentrated HCl, and saturated with NaCl (approximately 26 gm. per 
100 ml.). It is then extracted with three successive 0.5 volume portions 
of ethyl acetate. The first extraction is frequently made difficult by the 
formation of an emulsion; this may be broken by separating as much as 
possible of the clear portions of the aqueous and organic layers and centri- 
fuging the residual emulsion. The second and third extractions with eth}’'! 
acetate usually proceed smootlily. The combined ethyl acetate solutions 
are extracted by prolonged and thorough shaking with small portions of 10 
per cent NaHCOs solution. An initial extraction with an amount such 
that 1 ml. corresponds to about 20 mg. of creatinine in the original sample 
of urine, followed bj" two more extractions with half that volume for. each 
extraction, usually proves satisfactory. The combined bicarbonate e.x- 
tracts are chilled in an ice bath, acidified to pH 1 to 2 by the addition of 
concentrated HCl, saturated with salt, and then extracted with successive 
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small portions of ethyl acetate. The ethyl acetate extracts may be col- 
lected in a graduated cylinder of an appropriate size, and the final volume 
of ethyl acetate may then be adjusted to correspond to a definite amount 


SOLVENT FRONT 



Fig. 1. Phenolic acids in human urine. The numbers refer to the compounds 
listed in Table 11. 


of creatinine in the original urine. ^STien it is desired to store extracts, 
they may be dried by adding anhydrous Na2S04 and decanting the ethyl 
acetate into a container; the extract may then be stored in a deep freeze at 
- 15 °.^ 

’ Used penicillin vials are excellent containers for storing extracts. 
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Table II 


Phenolic Acids in Human Urine 




Rr 


Compound 

Dc.scription 



No. 

Ipr-NHa 

Bz-Prop 

acid 


1 

p-Hydroxyphenylacclic acid 

0.42 

0.49 

2 

Dark yellow (DzSA); light purple (DzPNA) 

0.43 

0.16 

3* 

?a-Hydroxyhippuric acid 

0.33 

0.09 

4* 

p-Hydroxyhippuric acid 

0.20 (0.15)t 

0.07 

5 

5-Hj'^droxyindoleacetic acid 

0.28 

0.16 

6* 

Salic 3 duric acid 

0.25 

0.38 

7* , 

Homovanillic acid 

0.37 

0.68 

8 

Dark red (DzSA) ; gra}" (DzPNA) 

0.06 

0.21 

9* 

p-Hydroxymandelic acid 

0.34 

0.07 

10 

Orange — » red (DzSA); blue (DzPNA) 

0.31 

0.14 

■ 11 

7ra-Hydrox3'phen3dacetic acid 

0.45 

0.49 

12 

p-HydroxTbenzoic acid 

0.29 (0.23)t 

0.55 

13 

o-Hydroxyphenylacetic acid 

0.75 

0.58 

14 

p-Hydroxyphen 3 dlactic “ 

0.44 

0.13 

15 

m-Hydroxybenzoic acid 

0.45 (0.39)t 

0.47 

16* 

Feruloylglycine 

0.18 

0.17 

17* 

Vanilloylglycine 

0.16 

0.16 

18 

Orange-red (DzSA); blue-gra 3 " (DzPNA) 

0.34 

0.25 

19 

Vanillic acid 

0.25 

0.78 

20 

Dihydroferulic acid 

0.45 

0.74 

21* 

jw-Hydroxyphenylpropionic acid 

0.56 

0.61 

22 

p-H 3 ''droxyphenylpropionic acid 

0.53 

0.59 

23* 

or-Resorcylic acid 

0.22 

0.09 

24 

Dark yellow (DzSA) ; red (DzPNA) 

0.35 

0.37 

25 

“ “ “ reddish purple (DzPNA) 

0.62 

0.55 

26 

Reddish orange (DzSA); light purple (DzPNA) 

0.63 

0.33 

27 

Salicylic acid 

0.78 

0.88 

28 

Red (DzSA); blue (DzPNA) 

0.37 

0.93 

29 

Orange — » gray (DzSA) ; light brown (DzPNA) 

0.44 

0.03 


(pregnancy urine) 


0.02 

30 

Dark brown (DzSA) ; purple-brown (DzPNA) 

0.16 

31 

Ferulic acid 

0.29 

0.78 

32 

Dark yellow (DzSA) ; light brown (DzPNA) 

0.10 

0.02 

33 

p-H 3 'droxycinnamic acid 

0.33 

0.60 

34 

Purple (DzSA) ; blue-purple (DzPNA) 

0.06 

0.07 

35* 

p-Hydroxycinnamo 3 d glycine 

0.27 

0.10 

36 

Orange (DzSA); yellow (DzPNA) 

0.34 

0.07 

37 

Reddish purple (fades) (DzSA); gray (DzPNA) 

0.27 

0.04 

38 

Purple (DzSA); blue-purple (DzPNA) 

0.46 

0.18 

39 

Maroon (DzSA); purple (DzPNA) 

0.13 

0.0.5 

0.03 

0.04 

0.14 

0.00 

40 

Gra 3 '' (DzSA); blue-gra 3 ' (DzPNA) 

0.33 

41 

42 

Light orange-red (DzSA); purple (DzPNA) 

Purple (DzSA) ; purple (DzPNA) 

0.21 

0.50 

43 

Brown (DzSAh graj" (DzPNA) 

. . 

0.07 
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Table II— ConcInrf<-J 

* Compounds not previously reported to bo normal constituents of urine, 
t Compounds in which Rr in urine extracts dilTers from Rr when measured alone. 
The values in parentheses are those obtained with the pure compound alone. 

For cliromatograplij', an amouitt of the ethyl acetate solution corre- 
sponding to 1 mg, of creatinine in tlie original urine has usually proved 
satisfactorj'. Larger quantities may be chromatographed when samples 
from individuals who have been eating sjTithetic diets are prepared, but 
urine from normal persons on a natural diet usuall)' contains so much hip- 
puric acid that the chromatography of other compounds is disturbed. 
With urine from patients with phenj'lkctonuria, the presence of large 
amounts of phenylpjTu^dc and phen 3 dlactic acids and phen 3 'lacet 3 'lglu- 
tamine makes it impractical to use a sample larger than one corresponding 
to 0.5 mg. of creatinine. The extracts are applied to paper from a micro 
pipette with a stream of air at room temperature directed at the paper to 
aid the evaporation of the solvent. The diameter of the spot of the acids 
deposited for chromatograph 3 * should not exceed 7 mm. An overm'ght run 
(16 hours) at 25° is required for a 25 cm. solvent advance with the iso- 
prop 3 d alcohol-ammonia S 3 -stem and a 3 hour run with the benzene-propi- 
onic acid S 3 ^tem. 

Fig. 1 is a schematic diagi-am representing the location of the well defined 
phenolic acids which are found in most samples of normal human urine. 
Table II proxides a list of these compounds. When the location on the 
chromatogram and the characteristic reactions correspond to those of 
known compounds, the material is given a tentative identification. Ma- 
terials which do not correspond to any of the standard compounds are 
described by their characteristic color with the diazotized amines. The 
compounds have been arbitrarily designated b 3 '- number. When an 
amount of extract corresponding to 1 mg. of creatinine is chromatographed, 
Compounds 1 to 10 may be detected in almost all samples of urine in 
amounts decreasing with increased number. Compounds 11 to 17 may 
be detected in a majority of the samples, and the remainder of the com- 
pounds described is present in only an occasional sample of urine or is 
present in much smaller amounts.^ 

It should be noted that the alkaline medium used for the first solvent in 
the chromatography reported here leads to the decomposition of many 
easily oxidized dihydrox 3 T)hen 3 d compounds. Further work with other 

‘ The amounts of the acids excreted daily varied greatly under different circum- 
stances. As a rough approximation, it may be estimated that for most individuals 
under average conditions the amounts of Compounds 1 to 10 e.vcreted daily range 
from 20 to 25 mg. down to about 2 mg., and of Compounds 11 to 17 from 5 mg. to less 
than 0,5 mg. 



302 


PHENOLIC ACIDS OF HUMAN UIHNE 


systems will be necessary to characterize these compounds, among which 
would be homogentisic, homoprotocatechuic, and calTeic acids, as well as 
0 - and p-hydroxy- and 3-methoxy-4-hydroxyphenylpyruvic acids. 

DISCUSSION 

Two-dimensional paper chromatography of the phenolic acids of human 
urine reveals a complex mixture of closely related compounds. Approxi- 
mately 400 normal and pathological samples have been examined; the com- 
pounds definitely characterized in this paper are those which have been 
found to occur in all or at least several samples. Many more phenolic ac- 
ids have been observed in the course of this work, but are not reported, ei- 
ther because they were observed in only a single sample of urine or because 
they gave ill defined spots on the chromatograms. In addition, some sub- 
stances are not reported which have been observed in small amounts and 
which are apparent only transiently on the freshly sprayed chromatograms. 

The preliminary and tentative identification made when the qualitative 
reactions and chromatographic behavior of a compound in mine extracts 
correspond to authentic compounds is probably correct. It should be 
emphasized, however, that final identification must be based upon actual 
isolation and comparison with the authentic substance. A great many of 
these compounds are closely related chemically and have similar solubility 
behavior and qualitative reactions. 

The variety of phenolic acids observed in these experiments is of interest 
because of their number and their nature. Of the twenty-three acids ac- 
corded a tentative identification, ten have not been previously reported to 
occur as normal constituents of urine. Two series of compounds, those 
containing an m-hydroxyphenyl group (Compounds 2, 3, 11, 15, 21) (13) 
and the 3-methoxy-4-hydroxyphenyl group (Compounds 7, 16, 17, 19, 20, 
31) are of particular interest, since a wide-spread metabolic occurrence of 
them had not been previously suspected. 

When the conclusive identification of each compound has been made, d 
will be important to establish whether it is an end-product of endogenous 
metabolism, or whether it occurs as a result of the action of intestinal mi- 
croorganisms or is derived from food constituents. "When these faetors 
have been established, it will be possible to examine alterations in the ex- 
cretion of these phenolic acids that have been observed in phenylketo- 
nuria and in some other pathological conditions in an attempt to gam a 
better understanding of the relation of the abnormal urinary compounds 
to the pathological state. 

SUMMARY 

The chromatographic behavior of forty-nine simple phenolic acids is 
described. The chromatographic properties of forf 3 ^-three disfinctn'c 
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phenolic acids that have been observed in samples of urine from 400 ii\- 
dividuals, both healthy and ill, arc described, and a preliminar}' identifica- 
tion is given for twenty-three of them. 
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BIOLOGICAL SYNTHESIS OF LAXOSTEROL AND 
AGNOSTEROL* 

Br R. B. CLAYTON and KONRAD BLOCH 

{From the Converse Memorial Lahoralonj, Harvard Vniversity, Cambridge, 

Massachusetts) 

(Received for publication. May 23, 1955) 

There is considerable experimental cndence in support of the vieAV that, 
in the biogenesis of cholesterol, squalene is an intermediate (1, 2). It has 
been suggested (3) that the cyclization of the aliphatic triterpenoid hy- 
drocarbon to the tetracj'clic ring system of the steroids occurs in a manner 
which would also rationalize the structure of lanosterol, a naturall}’’ occur- 
ring 4,4',14-trimethj'lcholestane derivative (4). In rdew of its structural 
relationship to squalene on the one hand and to cholesterol on the other, 
it has become of interest to investigate the possible role of lanosterol, or of 
related structures hardng 30 carbon atoms, as intermediates in the bio- 
sjmthesis of cholesterol. That the synthesis of lanosterol from acetate 
takes place in mammalian tissues has now been demonstrated. Moreover, 
as will be shown in the accompanjnng paper (5), lanosterol serves as a 
precursor of cholesterol. 

At the start of this work, since pure lanosterol was not available to us, 
tentative information on the biogenesis of Cso sterols was obtained b 3 ’’ the 
use of natural “isocholesterol” as carrier. The “isocholesterol” of wool fat, 
the most abundant source of lanosterol, is known (6) to consist of the four 
components (Fig. 1), lanosterol, dihj’-drolanosterol, agnosterol, and di- 
hydroagnosterol, in variable proportions, with lanosterol as the major con- 
stituent. From this mixture pure lanosterol can be isolated onlj’^ bj' verj*^ 
tedious procedures (6, 7). 

For the demonstration of lanosterol biosjm thesis, rat liver homogenates 
prepared according to the method of Bucher (8) were incubated with 
sodium acetate-l-C'^ and the unsaponifiable fractions combined with small 
amounts of “isochole-sterol” as carrier. Careful chromatograph^' of the 
resulting mixture demonstrated that a small but significant percentage of 
the total C“ in the unsaponifiable material remained associated with the 
“isocholesterol” fraction. YTien rat liver homogenates were incubated un- 
der similar conditions but with prior addition of suspensions of “isocho- 
lesterol,” the incorporation of acetate carbon into this fraction was mark- 

* Supported by grantsdn-aid from the Life Insurance Medical Research Fund, and 
from the Milton Fund of Harvard University. Presented in part at the meeting of 
the .\merican Society of Biological Chemists, at San Francisco, April 12-15, 1955. 
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edly enhanced. This procedure was therefore adopted for the preparation 
of labeled material in quantities sufficient for further chemical and biologi- 
cal experiments. 

Subsequently, lanosterol (A^-Manostadienol) was isolated from a yeast 
concenti’ate and the C^^-“isocholcsterol” diluted ndth this pure sterol. By 
suitable chemical reactions it was shown that lanosterol was in fact the 
major radioactive component of the biosynthetic product. Evidence for 
the biosynthesis of agnosterol in the same liver system was also obtained. 
Hitherto the presence of lanosterol in liver tissue has not been observed. 
The experiments reported here clearly indicate that at least two C30 sterols, 
lanosterol and agnosterol, are natural constituents of liver, though in very 
small amounts. 



Fig. 1. Constituents of wool fat sterol mixture (isocholesterol). I, lanosterol; II, 
dihydrolanosterol; III, agnosterol; IV, dihydroagnosterol. 

EXPERIMENTAL 
M aierials 

'Tsocholesterol” was supplied generously by Eli Lilly and Company. 
Lanosterol (m.p. 140-141°) was isolated by chromatography from a con- 
centrate of the unsaponifiable fraction of yeast from which most of the 
ergosterol had been I’emoved previously by crystallization (9). The 3’^east 
concentrate w'as kindly provided by Professor L. Ruzicka of Zurich. Gen- 
erous samples of agnosterol and dihydroagnosterol were made available to 
us by Professor D. H. R,. Barton, Birkbeck College, London. The di- 
phosphopyridine nucleotide (DPN) tvas a product of the Pabst Brewdng 
Company, 95 per cent purity. The alumina was Merck, chromatographic 
grade of activity II. All solvents used in the chromatographic procedures 
were anhydrous. 

Rat Liver Homogenates — ^Female rats weighing approximately 100 gm. 
were killed by a blow' on the head and the livers homogenized according 
to the procedure of Bucher (8) in a 0.08 m phosphate buffer (pH 7.4) con- 
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taining nicotinaimde (0.03 m) and magnesium chloride (0.0048 m). The 
supernatant fluid obtained after homogenization and centrifugation at low 
speed (700 X g) was dindcd into 2 ml. aliquots. In control e.xperiments 
0.2 ml. of 0.01 M DPN and 0.2 ml. of 0.1 m sodium acetate-l-C'* were added 
to each aliquot. For experiments invohdng additions of carrier sterols to 
the homogenates prior to incubation, suspensions of the steroids were pre- 
pared in the follon-ing mamier. The sterol (10 mg.) was ground to a thin 
paste n*ith the minimum of Bucher phosphate buffer containing 0.5 per 
cent boxdne serum albumin. The paste was then diluted to 2.0 ml. -with 
the same 0.5 per cent serum albumin buffer solution and transferred to a 
Raj'theon magnetostriction oscillator in which it was subjected to an oscil- 
lation frequency of 9 kc. for 30 to 90 minutes, depending upon the time 
required to reduce the bulk of the solid to a satisfactor}’’ emulsion. Sus- 
pensions prepared in this wa}' were generally found to remain stable at 0° 
for 24 hours and could be stored in the frozen state indefinite^. The con- 
centration of sterols could be assumed to be appro.ximatelj’- 5 mg. per ml. 
0.1 ml. of this suspension was added to each 2 ml. of homogenate. "UTien 
the homogenates were incubated \rith 3 times the amount of sterol sus- 
pension, essentiall}' the same results were obtained. 

Incubations were carried out in a Dubnoff shaker in an atmosphere of 
oxj^gen at 37° for 5 hours. After incubation the homogenates were sapon- 
ified trith 30 per cent potassium hydroxide at 25° for 12 hours and the 
unsaponifiable fractions extracted mth petroleum ether. Total in- 
corporation was measured by plating aliquots as infinitely thin samples 
and counting in a gas flow counter. 

Incorporation of Acetate into Lanosterol in Control Experiments — ^The 
following is one of several preliminaiy experiments which showed that the 
unsaponifiable fraction contained in small percentage a labeled substance 
which was chromatographically inseparable from “isocholesterol.” 6 ml. 
of homogenate prepared as described above, and incubated with sodium 
acetate-l-C‘^ (0.025 me. per mmole), yielded 1.8 mg. of mosaponifiable 
material containing a total of 4700 c.p.m. 10 mg. of “isocholesterol,” 
m.p. 137-140°, and 10 mg. of pure cholesterol were added and the mixture 
rechromatographed on alumina to give the fractions in Table I. 

Fractions 6 and 7, 7.5 mg., corresponded approximately in both weight 
and melting point vith the added carrier “isocholesterol.” Thej' were 
therefore presumed to consist mainly of this material. For the purpose of 
washing out, these fractions were combined with 10 mg. of pm-e cholesterol 
and again chromatographed on 3 gm. of alumina (Table II). Fractions 
4 to 6, 6.1 mg., contained a total of 46 c.p.m. or 7.5 c.p.m. per mg. After 
recrystallization from methanol, these combined fractions gave 4 mg. of 
material, m.p. 135-140°, with a specific actmty of 6.5 c.p.m. per mg. 
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The cholesterol fractions of the second chromatogram (Fractions 8 to 11, 
Table II) contained no detectable radioactivity. 

Incubations with Carrier “Isocholesterol” — 40 ml. of rat liver homogenate 
prepared as described were divided into twenty aliquots of 2 ml., and 0.2 
ml. of 0.1 M sodium acetate-l-C^^ (1 me. per mmole) was added to each. 
Two flasks were taken as controls (E.xperiment B), and to each of the re- 

Table I 


Alumina Chromatography of Unsaponifiable Fraction from Liver Homogenates 
after Incubation with Acctate-l 


I'raction 

No. 

Solvent 

Volume 

WciKht of 
fraction 

Total 

activity 

Appearance; m.p. 



ml. 

mg. 

c.p.vi. 

°C. 

1 

Petroleum ether, b.p. 






60-68° 

30 

0.2 

25 

Oil 

2 

Benzene-petroleum 






ether 1:4 

10 




3 

Benzene-petroleum 






ether 2:3 

10 

0.1 

25 

Gum 

4 

Benzene 

10 

0.1 

13 

(i 

5 

Ether-benzene 1:50 

30 

o.s 

49 

Semisolid 

6 

“ 1:20 

30 

3.5 

39 

White solid 134-139 

7 

“ 1:20 

30 

4.0 

57 

“ “ 185-13S 

8 

“ 1:20 

10 

0.9 

40 

“ “ 125-135 

9 

“ 1:9 

10 

1.2 

109 

Semisolid 115-130 

10 

“ 1:9 

10 

1.2 

277 

White solid 130-135 

11 

“ 1:9 

10 

1.5 

377 

“ “ 135-145 

12 

“ 1:9 

10 

2.0 

361 

“ “ 140-148 

13 

“ 1:9 

30 

4.0 

830 

“ 135-145 

14 

“ 1:9 

10 

1.6 

173 

(f ti 

15 

“ 1:4 

20 

O.S 

186 

“ “ 130-142 

16 

Ether 

20 

0.3 

74 1 


17 

Methanol-ether 2:3 

20 

0.2 

190 j 

White semisolid 








maining eighteen flasks (Experiment A) was added 0.1 ml. of a suspension 
of “isocholesterol” (5 mg. per ml.). After incubation, the homogenates 
were saponified and the unsaponifiable fractions extracted with petroleum 
ether, yielding a total of 3 mg. from the combined controls and 27 mg. from 
the homogenates treated with “isocholesterol.” The total activities esti- 
mated from infinitel 3 >- thin aliquots were 154,000 and 1,250,000 c.p.m., re- 
spectively. 

The combined unsaponifiable fractions of the controls were mixed witii 
5 mg. of cholesterol and 5 mg. of lanosterol; those of the “isocholesteror’- 
treated preparations were not further diluted. The two batches of un- 
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sapomBable material were now chromatographed in parallel on columns of 
10 gm. of alumina, the fractions being identified according to their appear- 
ance and levels of actiidtj-, as seen in Table III. For purposes of direct 
comparison of Experiments A and B, the total C“ acthdties for Experiment 
A in Table III were di\dded by 9 because the scale of Experiment A was 
9 times that of the control Experiment B. Fractions 6 to 13 from Experi- 
ment A combined weighed 5.1 mg. and had a specific acti\'ity of 24,000 

Table II 


Chromatographic Separation of “Isocholcsterol” and Cholesterol 
The volume for Fractions 1 to 12 was 10 ml. 


Fraction Xo. 

SqU ent 

Weight of 
fraction 

Total activity 

Appearance; m.p. 



tKS. 


'C. 

1 

Benzene 




2 

Ether-benzene 1:20 




3 

“ 1:20 

0.7 

6 

liVliite solid 

4 

“ 1:20 

2.2 

13 

it ft 





133-139 

0 

" 1:20 

2.3 

IS 

White solid 
133-139 

6 

1 1:20 

1 1.6 

15 

White solid 
134:-139 

7 

“ 1:20 

0.9 

6 

White solid 

8 

“ 1:20 

1.1 

O.o 

(C ft 





135-147 

9 

“ 1:20 

2.4 

0 

White solid 
140-148 

10 

“ 1:20 

3.7 

0 

White solid 
145-148 

11 

“ 1:4 

2.6 

0 

"White solid 
144-148 

12 

“ 1:4 

0.2 

0 



c.p.m. per mg. After dilution with 5 mg. of pure lanosteroh and crj'stal- 
lization from methanol, 8.2 mg. of needles were obtained which were further 
diluted to 82 mg. by addition of pure lanosterol. One recrystallization 
now gave 73.5 mg. of needles, m.p. 140-141°, ha^^ng 1300 c.pjn. per mg. 
From the proportion of carrier lanosterol added, assuming no loss of ac- 

’ The material termed “pure lanosterol” was shown to absorb 1 mole of hydrogen 
and therefore consisted entirely of material with the unsatxirated side chain. Care- 
ful ultraviolet absorption measurements revealed the presence of a mnytmnm of 1.5 
per cent of substances such as agnosterol, having the A’-’ structures; otherwise the 
physical properties of the material were those recorded in the literature for pure 
lanosterol. 
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tivity on crystallization, the calculated specific activity of this material 
is 1200 c.p.m. per mg. 

To obtain sufficient lanosterol for chemical characterization, this labeled 


Table III 


Chromatogram of Unsaponijiable Fraction from Liver Homogenates after 
Incubation with and without Carrier “Isocholesterol" 


Fraction 

No. 

Solvent 

Volume 

Experiment A 
"Isocliolcsterol”-treated 
homogenate 

E.xperiment B 

Control 


Appearance 

Total 

activity 

Appearance 




ml. 

c.p.m. 


c.p.m. 


1 

Hexane 


30 

1370 

Oil 

128 

Oil 

2 

Benzene 


30 

1550 

Gnm 

684 

Gum 

3 

Ether-benzene 1:99 

30 

200 


160 


4 

It 

1:99 

30 

650 


370 


5 

tt 

1:99 

30 

330 


260 


6 

tt 

1:99 

10 

740 

Trace solid 

48 

Trace solid 

7 


1:99 

10 

2500 

White “ 

100 

White “ 

8 

<< 

1:99 

10 

2340 

tt tt 

78 

tt tt 

9 

tt 

1:99 

10 

2660 

ft ft 

136 

tt tt 

10 

it 

1:99 

10 

2440 

it tt 

126 

tc tt 

11 

tt 

1:99 

10 

1660 

tt tt 

136 

tt tt 

12 

it 

1:99 

10 

500 

Trace “ 

104 

Trace “ 

13 

it 

1:99 

10 

570 

tt tt 

156 

“ gum 

14 

tt 

1:99 

20 

160 

“ gum 

370 

El ft 

15 

it 

1:99 

30 

500 


490 


16 

tt 

3:97 

20 

180 

Trace gum 

110 

Trace gum 

17 

“ 

3:97 

30 

700 

“ solid 

1,900 

“ solid 

18 

it 

1:9 

20 

2500 

White “ 

2,100 , 

White ‘‘ 

19 

tt 

1:9 

20 

9000 

ft tt 

7,800 

tt it 

20 

tt 

1:9 

20 

6000 

tt tt 

8,000 

EE tt 

21 

tt 

1:4 

20 

8500 

tt It 

21,000 

tt tt 

22 

tt 

1:4 

20 

7200 

tt tt 

15,400 

tf It 

23 

it 

1:4 

20 

3200 

tt tt 

14,500 

tt tt 

24 

t ( 

1:4 

20 

2600 

tt tt 

3,400 

tt tt 

25 

Ether 


20 

1640 

tt tt 

2,100 

tt tt 

26 

it 


20 

1330 

tt tt 



27 

tt 


40 

2600 

Trace “ 

636 

Trace solid 

28 

Ether-methanol 1:1 

40 

4500 

<C (( 

12,000 

it tl 


material was subjected to further dilutions and recxystallizations: (1) 50 
mg. of lanosterol (1300 c.p.m. per mg.) were diluted to 500 mg. with pure 
lanosterol. Crystallization from acetone-methanol gave 460.3 mg. of lanos- 
terol, the specific activity of which, by combustion and counting as ni- 
finitely thick samples of barium carbonate, was 97 c.p.m. (2) The fore- 
going material was diluted vdth its ovm weight of pure lanosterol and again 
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recrystalUzed to j-icld 776 mg. of lanosterol, m.p. 140-141°. The specific 
activity as infinitely thick samples of barium carbonate was now 48.8 
c.p.m. The chemical work reported below was carried out vith this prod- 
uct. 

Chemical Characterization of Labeled Lanosterol — ^The specific activities 
of the lanosterol derivatives described in this section are e.xpressed as 
counts per minute of infinitely thick samples of barium carbonate. 

Dehydration and Rearrangement of Ring A — Lanosterol (48.8 c.p.m.) was 
hj'drogenated under neutral conditions in ethyl acetate solution in the 
presence of a platinum catalyst to give dihydrolanosterol, m.p. 143-146° 
(10). Treatment of this product with phosphorus pentachloride in anh\'- 
drous petroleum ether, followed by chromatography and recrj'stallization 
from acetone, gave the known isopropylidene rearrangement product (^’, 
Fig. 2), m.p. 140-143°, [«]d +65°; specific actmty, 51 c.p.m. P^e^^ously 
reported (10), m.p. 143-144°, Hd +67°. 

SP-Aceioxylanost-S-ene-7 , 1 1 -dione- — Dihydrolanosteryl acetate (48.8 
c.p.m.) was oxidized with chromic acid to give 3/3-acetoxylanost-8-ene-7 , 11- 
dione (^TI, Fig. 2), m.p. 156-158°, pre^^ousl}■ reported (6), m.p. 156.5- 
158.8°; specific actmtj", 50 c.p.m. 

Degradation of Side Chain of Lanosterol — Lanosterol (48.8 c.p.m.) was 
converted to the 3/3-24, 25-triol (II, Fig. 2) by treatment with osmium 
tetroxide, according to the method of Wieland and Benend (11). The triol 
was obtained as plates, m.p. 167-177°, [ajn +45°; specific actmty, 45 c.p.m. 
Oxidation of the triol was carried out by a modification of the method de- 
scribed by the above authors. The foregoing triol (250 mg.) was dissolved 
in the minimum of glacial acetic acid, and 375 mg. of lead tetraacetate 
(1.5 moles per mole of sterol), also dissolved in the minimum of acetic 
acid, were added. Nitrogen was passed through the solution for 20 hours 
at 25° and the issuing gas passed through two traps connected in series 
and cooled in liquid nitrogen. The traps were periodically detached and 
their contents washed out with 50 ml. quantities of Van Sl 5 +e mercuric 
sulfate reagent (12) for the precipitation of acetone. These solutions were 
refluxed for 1 hour to precipitate the acetone-mercuric sulfate complex. 
From the combined precipitates (300 mg., 60 per cent of the theory), ace- 
tone was regenerated by boiling with 10 per cent hydrochloric acid and 
reprecipitated as the mercuric sulfate complex (170 mg.). This material 
was subjected to wet combustion by the method of Van Slyke and Folch 
(13), and the carbon dioxide precipitated as barium carbonate; specific 
actirdty, 34 c.p.m. Assuming by analogj' with the data on acetate utili- 
zation for cholesterol (14) that only the carbonyl carbon of the acetone 
contains C” and that lanosterol is derived from 18 methyl and 12 carboxjd 

= Experiments carried out by Dr. T. Lyssy in this laboratory. 
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carbon atoms of acetic acid, the theory requires 48.8 X 30 / 12 X 3 = 41 

c.p.m. 

S^-Acetoxylanost-8-en~24-o.l — 2,5 hours after the beginning of the above 
treatment Avith lead tetraacetate, a crystalline precipitate of 3 ^-acetoxy- 
lanost-8-en-24-a] (III, Fig. 2) was separated from the solution by filtra- 
tion, and the filtrate returned to the reaction vessel in which the removal 
of acetone in a nitrogen stream Avas continued. The aldehyde (100 mg.) 
melted Avith decomposition over the range, 155-185°. Recrystallization 
from chloroform and acetic acid gaAm prisms, m.p. 210 - 220 ° (decomposi- 
tion), [ajn -f-57°. It readily gave a yelloAV 2 , 4-dinitrophenylhydrazone and 



) 



V 104 (100) 

Fig. 2. Isotope concentrations in lanosterol and derivatives. The calculated 
values are given in parentheses. 

shoAA’’ed absorption bands in the infra-red at 2540 cm.~' (C — stretching 
of aldehyde), a strong band at 1720 cm,“^ (C— 0 of both the aldehyde and 
acetoxy groups), and a broad band at 1250 cm.~^ (ester — C — 0 — ). No 
hydroxyl band was present. Found, C 78.78, H 10.79; C 29 H 46 O 3 requires 
C 78.6, H 10.47. The specific activity of the compound as an infinitely 
thick sample of BaCOs was 47 c.p.m. 

The analyses of the various degradation products of lanosterol are 
summarized in Fig. 2. Values of the specific activities of the derivatives 
are recalculated and compared Avith an assigned value of 100 for that of 

the lanosterol. . 

Incubation with Various Components of “IsocholesteroV^ — Incubation and 
chromatographic procedures AAmre the same as those described above. The 
levels of acetate incorporation into the lanosterol fraction of controls and 
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of homogenates incubated with either natural or reconstituted “isocholes- 
terol” were compared with those obtained on treatment of the homogenates 
with suspensions of the various indhndual components of wool fat sterol. 
Suspensions of S3mthetic “isocholestcrol” were prepared b}' mixing 45 parts 
of lanosterol, 45 parts of dihj'drolanosterol, 5 parts of agnosterol, and 5 
parts of dihj'droagnosterol. In all the experiments given in Fig. 3, the 
total quantit}' of sterol added to the incubation mi.xtures was 1.5 mg. per 
2 ml. of homogenate. 

Isolation of Agnostcryl Acetate from Labeled “Isocholestenjl” Acetate — 
“Isocholesterol” obtained bj* incubation of a homogenate with carrier 



Fig. 3 Fig. 4 

Fig. 3. Enhancement of acetate incorporation into “isocholesterol” in liver ho- 
mogenates in the presence of carrier sterols. The heights of the bars represent the 
ratio of total counts per minute in the “isocholesterol” fraction obtained from incu- 
bations with carrier sterol, to those obtained in control experiments. I, natural 
“isocholesterol;” II, reconstituted “isocholesterol;” III, lanosterol; IV, dihj'dro- 
lanosterol; V, agnosterol; VI, lanosterol, 4 parts, plus agnosterol, 1 part. 

Fig. 4. Isolation of agnosterj-l acetate bj- crj'stallization of “isocholesterj'l” ace- 
tate. 

“isocholestcrol” as described above was diluted and acetylated to jdeld 7.5 
gm. of “isocholesterj'l” acetate, hatdng 50 c.p.m. per mg. as an infinitelj'’ thin 
sample. Crystallization of this material from ethjd acetate, according to 
Windaus and Tschesche (7), results in an enrichment of agnosterol in the 
less soluble fraction. In the present experiments pure agnosterjd acetate 
could be obtained after six crj’-stallizations, pro\'ided that crj’-stallization 
was allowed to take place slowlj"-. At each stage the content of agnosterjd 
acetate was determined bj' measuring the light absorption at 244 mp, and 
the radioacthaty determined bj' counting aliquots as infinitelj’ thin sam- 
ples. The final product was pure agnosterjd acetate, m.p. 175-179°; €244 
= mp 18,000 (15) ; specific acthdty as infinitely thin aliquots, 40 c.p.m. per 
mg. The variation of specific actiidty udth intensity of light absorption 
at 244 mp is given in Fig. 4. 
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DISCUSSION 

Wlieii liver homogenates are incubated with labeled acetate, about tvo- 
thirds of the C*' in the unsaponifiable fraction is ordinarily recovered as 
cholesterol. Attempts to account for the remainder of the radioactivity 
in the form of known steroids have hitherto been largel}'’ unsuccessful. In 
regard to sterols which are known to accompany cholesterol in animal tis- 
sues (cholestanol (16), A’^-cholestenol (17), 7-dehydrocholesterol (18), 3)9- 
5a-dihydroxy-6-ketocholestanol (19), and 3jS-5a-6)9-trihydrox3’’cholestane 
(20)), no evidence exists that they are in any large measure responsible for 
the remainder of the activity. In the course of the present work, the im- 
saponifiable fractions after incubation of the homogenates with labeled 
acetate were carefully chromatographed and it was invariably found that 
the major part of the radioactivity was associated with four well defined 
fractions. Two principal fractions, less polar than cholesterol, could be 
eluted in turn with petroleum ether and benzene. By analogy vdth m vivo 
experiments (1) and those emplo 3 dng the perfused liver (21), part of the 
activity in the petroleum ether eluate may be expected to reside in squa- 
lene. The benzene fraction remains completely unidentified. The radio- 
activity associated with this fraction was found to travel chromatographi- 
cally with ambrein, but chemical evidence indicates that the two materials 
are not identical. After elution of cholesterol, another fraction of high 
specific activity emerges from the column vith ether-methanol mixtures. 

After it had been ascertained that the components of “isocholesterol,” 
though inseparable from each other, could be chromatographically sepa- 
rated from cholesterol, it became possible to show the presence of a fifth 
fraction, slightly less polar than cholesterol. This “lanosterol” fraction 
under the conditions of the control experiments was very small, both in 
weight and in content, and in fact its presence could be demonstrated 
only by chromatography of the unsaponifiable material vdth lanosterol O’* 
“isocholesterol” added as carrier. 

The data of Tables I and III demonstrate that in the control e.xper 
ments not more than 1 per cent of the total content of the unsaponifiabJ 
fraction could be attributed to lanosterol or other components of “JS( 
cholesterol.” It was, however, clearly shown by a chromatographic was! 
ing out procedure (Table II) that the radioactivity of the lanosterol fractio 
was not due to contamination by cholesterol. 

On the assumption that lanosterol might be an intermediate with a hig; 
rate of turnover, it was considered likely that newly synthesized lanosterc 
could be trapped and the yields of increased by the presence of carric 
during the incubation. Data such as those in Table III, Experiment A 
illustrate that a considerable enhancement of the incorporation of C’^^niK 
the lanosterol fraction does indeed result from the addition of carrier “iso 
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cholesterol” to the homogenate prior to incubation. In the particular e.x- 
periment cited, the C“ content of the lanosterol fraction accounted for 10 
per cent of the total in the unsaponifiable fraction, corresponding to a 30- 
fold increase compared mth the control. 

Since the “isocholesterol” used as a carrier consisted of four Cjo sterols 
wliich were inseparable by our chromatographic procedure, it was clearij^ 
possible for any or all of the components to contain C’^ In the e.xpecta- 
tion that one of the radioactive sterols was lanosterol, the labeled “iso- 
cholesterol” (Fractions 6 to 13, Table III) was diluted mth pure lanosterol 
and recrystallized several times without change of specific actiwtj'. This 
material was converted to derivatives which were chosen to demonstrate, 
as far as possible, that the radioacti%-ity was associated with a compound 
which had the tj-pical structural features of lanosterol. These derivatives 
were ( 1 ) the C 27 aldeh 3 '’de produced together nith acetone bj’’ oxidative 
degradation of the side chain, (2) the 7,11-diketone formed on oxidation 
of dih 3 'drolanoster 3 d acetate, and (3) the isoprop 3 'lidene rearrangement 
product obtained on deh 3 'dration of dih 3 'drolanosterol mth PCI5. Through 
all of these transformations the radioactivit 3 ’- of the starting material was 
retained (Fig. 2). 

The specific actiwties of the C 27 aldeh 3 ’de and acetone (III, Fig. 2) 
indicated that all the radioactivit 3 ’’ of the starting material resided in 
substances unsaturated in the 24:25 position. If compounds ha\'ing a 
saturated side chain such as dih 3 ’'droIanosterol or dih 3 ^droagnosterol had 
contributed to any appreciable extent to the radioacti'\dt 3 '' of the starting 
material, the content of these degradation products would have been 
proportionatel 3 ' reduced.^ The concomitant deh 3 "dration and rearrange- 
ment of ring A to pve isopropylidene derivatives of the type V (Fig. 2) 
are characteristic of the 3/3-hydrox3’'-4,4'-dimethyl sterols and triterpenes. 
From the formation of this well characterized derivative -ndthout alteration 
of specific activity, it can therefore be concluded that this moiety also is 
present in the radioactive starting material. The 7,11-diketo-A® com- 
pound C^TI, Fig. 2) is an expected product of the chromic acid oxidation 
of the A^-Cm sterols, but is also formed from the corresponding A^-®-dienes 
under similar conditions (6). The unaltered radioacti%'it 3 '' in this deriva- 
tive therefore does not distinguish between lanosterol and agnosterol as the 
radioactive substance. The relative isotope concentrations of these two 
components \rill be discussed below. 

® In a preliminaty experiment the Cao sterols with saturated side chains were chem- 
ically separated from the labeled “isocholesterol” and shown to account for a maxi- 
mum of 5 per cent of the radioactivity in the mixture. Since the content of saturated 
sterols in “isocholesterol” is 40 per cent, their specific activity is calculated to be at 
most 12.6 per cent of that of the total mixture. 
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In experiments involving carrier dilution, contamination b}’’ substances 
of closeb^ similar structure cannot be rigidly excluded. However, the close 
correspondence between the experimental and calculated values for the 
specific activities of all the derivatives makes it highly improbable that 
appreciable radioactivity resides in compounds other than lanosterol or 
agnosterol. 

Evidence that, under the conditions of our experiments, both the lanos- 
terol and the agnosterol became labeled is presented in Fig. 4. Ciystal- 
lization of a large batch of labeled “isocholesteryl” acetate (€ 2 n = 2000; 
specific activit}^, 50 c.p.m. per mg.) yielded a few mg. of pure agnosteiyl 
acetate (e 2 « = 18,000; specific activity 40 c.p.m. per mg.). These light 
absorption values show that at the start the “isocholesteiyl” acetate con- 
tained a total of 11 per cent of substances with the 7,9-diene structure 
which v'ould include both agnosteiyl acetate and dihydroagnosteiyl ace- 
tate. The relative proportions of these two components cannot be as- 
certained, but it may be assumed for the present purpose that they occur 
in equal amounts. Hydrogenation data obtained with the “isocholesteryl” 
acetate used in this experiment indicate the presence of a total of 60 per 
cent material having an unsaturated side chain. Hence, if 5.5 per cent of 
the total mixture is agnosteryl acetate, the lanosteryl acetate comprises 
54.5 per cent, and since the dihydro compounds contain no more than 5 
per cent of the total radioactivity, the specific activity of lanosterol 
be calculated to be 83 c.p.m. per mg.'* or slightly more than tAAuce that of 
the agnosterol. 

It will be noted from Fig. 4 that during the enrichment of agnosteiyl 
acetate on fractional crystallization the specific activity does not decline 
steadily but undergoes a marked increase during the initial steps. In ac- 
counting for this effect it must be remembered that “isocholesterol” is a 
mixture of four components. The first stages of crystallization of the ace- 
tates could result in the progressive removal of the dihydro compounds 
which, though present to the extent of 40 per cent of the total AA'eight, ac- 
count for no more than 5 per cent of the total radioactivity. 

In the initial experiments carrier “isocholesterol,” the only source of 
lanosterol then available to us, was added to the homogenates prior to in- 
cubation, for the purpose of trapping labeled lanosterol. The success of 
this procedure in producing a marked enhancement of the acetate incor- 
poration into the “isocholesterol” fraction has already been noted. How- 
ever, when lanosterol itself was used subsequently for the same purpose, 
it failed to reproduce the results obtained with “isocholesterol.” Negative 

If the value assigned to the agnosterol content of the original mi.xture is varied 
from 1 to 11 per cent, the calculated value for the specific activitj' of lanosterol wou c 
vary but slightly, namely from 86 to 80 c.p.m. per mg. 
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results Avcre also obtained mth dihydrolanosterol and agnosterol (Fig. 3). 
On the other hand, a “sj'nthetic isocholesterol,” reconstituted from the four 
knouTi components in the proportions in which the}' seemed most likely 
to occur in our natural “isocholesterol,” duplicated the results given by 
the natural mixture. It thus seems improbable that the enhancement is 
due to some hitherto unrecognized component of natural “isocholesterol,” 
and this conclusion is supported by the finding that suspensions containing 
both lanosterol and agnosterol give a degree of enhancement comparable to 
that obtained with the four-component mixture. No explanation can at 
present be given for the sj-nergistic action of lanosterol and agnosterol, but 
it is worth noting that these are the only two members of the “isocholes- 
terol” group of sterols which became significantly labeled in the system 
studied. Further e.xperiments to investigate the effect of other combina- 
tions of wool fat sterols are in progress. 

Evidence for the conversion of lanosterol to cholesterol is presented in 
the succeeding paper (5). As an intermediate in cholesterol biogenesis, 
lanosterol would be e.xpected to show the same distribution pattern of the 
carboxyl carbons of acetate as cholesterol itself. The isopropyl moiet}' of 
lanosterol isolated from the present experiments had a specific activity of 
34 c.p.m., in reasonable agreement with the predicted value. A value in 
accord with current theory has also been obtained for carbon atom 11 of 
the Cso structure,^ and hence it is probable that the carboxjd carbon atoms 
of acetate are distributed in lanosterol as they are in cholesterol. 

SUMMARY 

The imsaponifiable fraction of rat liver obtained on incubation of the 
homogenized tissue with radioactive acetate has been shown to contain 
two radioactive Cm sterols, lanosterol and agnosterol. When carrier “iso- 
cholesterol” is present during incubation, a much greater proportion of the 
radioactivity in the imsaponifiable fraction can subsequently be isolated 
in the lanosterol fraction. 

The identity of the labeled products with lanosterol and agnosterol was 
established by preparation of several derivatives characteristic for tln'g 
type of sterol. In the course of these transformations the content of 
the Cm sterols remained unaltered. 

A markedly increased yield of labeled lanosterol can be obtained by the 
incubation of liver homogenates in the presence of either “isocholesterol” 
from wool fat or of a synthetic isocholesterol reconstituted from the four 
pure components knoira to occur in the natural mixture. This enhancing 
effect is also shown by a mixture of lanosterol and agnosterol, but not by 
any single constituent of “isocholesterol.” 
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THE BIOLOGICAL CON^TSRvSIOX OF LANOSTEROL 
TO CHOLESTEROL* 

Br R. B. CLAYTOX and KOXRAD BLOCH 

{From the Converse Memorial Laboratory, Harvard University, Cambridge, 

Massachusetts) 

(Received for publication. May 23, 1955) 

Lanosterol and agnosterol, two of the four known C^j sterols which have 
j-o far been isolated from animal sources, liave been shown b}' experiments 
described in the preceding paper (1) to bo synthesized from acetate by rat 
liver homogenates. Attention has also been dra\ni to the possible role 
of lanosterol or of related Cm sterols as precursors of cholesterol (2). E.x- 
periments are now described in which biological^' labeled lanosterol is 
converted to cholesterol in rat liver homogenates. 

EXPERXMEXTAL 

The materials and the methods of preparing rat liver homogenates were 
those described in the preceding paper (1). For radioactinty measure- 
ments, infinitely thin samples were plated and counted in a gas flow counter. 

Lanosterol — Following the technique described previously', labeled 
lanosterol was obtained by incubating emulsified “isocholesterol” nith rat 
liver homogenates containing acetate-l-C“. This material, havdng 24,000 
c.p.m. per mg., was diluted 20-fold by addition of pure lanosterol and re- 
crystallized tndee, gi’i’ing lanosterol, m.p. 140-141°, with 1300 c.p.m. per 
mg. (calculated 1200 c.p.m. per mg.). Chemical conversion of labeled 
lanosterol of a comparable degree of purity to various typical derivatives 
has been shorni in the preceding paper (1) to take place without loss of 
radioactivity. Before further use, the sterol was subjected to careful 
“washing out” chromatography with pure non-radioactive cholesterol. 
On recovery from the chromatogram the cholesterol fraction gave no de- 
tectable radioactivity, thus eliminating cholesterol as a radioactive con- 
taminant of the labeled lanosterol. Light absorption measurements in 
the 244 my. region indicated the presence of not more than 2 per cent of 
substances haring the 7,9-diene system (agnosterol and dihydroagnos- 
terol). An exact value for the percentage of these substances could not be 
obtained because of the necessarily high concentration of the solution used 
for optical measurements. 

* Supported by grants-in-aid from the Life Insurance Medical Research Fund, and 
from the Milton Fund of Harvard University. Presented in part at the meeting of 
the American Society of Biological Chemists, San Francisco, April 12-15, 1955. 
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Conversion of Lanosterol to Cholesterol — 12.0 mg, of C^^Janosterol (1300 
c.p.m. per mg., a total of 15,600 c.p.m.) were emulsified by sonic oscilla- 
tion until 2.5 ml, of Bucher phosphate buffer containing 0.5 per cent bovine 
serum albumin as described previously (1), and the emulsion added to 40 
ml. of rat liver homogenate together with 26 mg. of diphosphopyridine 
nucleotide. The mixture was divided into 2.5 ml. aliquots and incubated 
at 37° for 4| hours in an atmosphere of oxygen. The homogenates were 
then saponified with potassium hydroxide for 2 hours at 70° and the un- 
saponifiable material extracted with petroleum ether. The total activity 
of the unsaponifiable fraction -was 15,480 c.p.m., a nearly quantitative re- 
covery of the radioactivity originally added. Only 60 c.p.m, were found 
in the acidic fraction. Chromatography on a column of 10 gm. of alumina 
gave the fractions in Table I. 

The cholesterol fractions (Fractions 10 to 12), when combined, weighed 
11.4 mg, and had a specific activity of 36 c.p.m. per mg. This activity 
was retained through the purification procedures described below. The 
total activity of the cholesterol fractions in Table I corresponds to a con- 
version of 2,6 per cent of the added lanosterol. The data from this and 
two other experiments in which labeled lanosterol was added to the homog- 
enate in lower concentrations are given in Table II. In all three experi- 
ments the major part of the radioactivity (60 to 70 per cent) was recovered 
as apparently unchanged lanosterol. Also a substantial fraction of the 
total radioactivity was invariably present in the form of compounds more 
polar than cholesterol. 

The cholesterol fraction from Experiment 1 was diluted by addition of 
11.4 mg. of non-radioactive cholesterol and crystallized to give 13.3 mg. 
of plates which melted at 148-149°, and had 18 c.p.m. per mg. There 
was therefore no loss of activity on crystallization. The product was now 
converted to the dibromide and the cholesterol, regenerated by debromina- 
tion Avith zinc dust, and was recrystallized to give plates, m.p. 149-150 . 
This material gave 17 c.p.m. per mg. 

The following procedure was designed to eliminate the possibility of 
contamination by compounds of higher specific activity, having double 
bonds in the 7,8, 8,9, 9,11, or 8,14 position. Cholesterol from Experi- 
ments 2 and 3 (Table II) was mixed ivith the purified cholesterol from Ex- 
periment 1 and the combined material (21 mg,, 10.0 c.p.m. per mg.) was 
first acetylated, and then hydrogenated in neutral ethyl acetate. Under 
these conditions, nuclear double bonds in the region of the B,C ring junc- 
tions are not reduced or isomerized; double bonds in the 5,6 position, as m 
cholesteryl acetate, however, are hydrogenated. To transform any re- 
maining unsaturated steroids to the corresponding epoxides, the hydro- 
genation product was treated mth a large excess of permonophthahe acia 
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Chromatography of Uitsaponifiahlc Fraction from Liver Homogenates 
Incubated with C^*-Lanostcrol 


I 

Traction \ 
No. ! 

1 

i?ol\cnt ! 

1 

Volume 

Eluatc residue 

Total 

activity 




ml. 


c.p.r:. 

1 

Benzene 


20 

Trace yellow Riim 

15 

2 

Ethcr-bcnzenc 1:99 

20 


10 

3 

t ( 

1:99 

20 


3 

4 


1:99 

60 


0 

5 

tt 

1:99 

20 


15 

0 

1 1 

1:99 

120 

White solid, 8.9 mg.; m.p. 135- 

8170 





140° 


7 

t ( 

2:98 

20 

Trace while solid 

76 

8 

tt 

2:98 

40 

“ gum 

54 

9 

tt 

3:97 

60 


18 

10 

tt 

5:95 

20 

Trace solid 

12 

11 

i 

5:95 

60 

White “ 5 mg.; m.p. 144r- 

174 





0 

CO 


12 

(( 

1:9 

85 

White solid 6 mg.; m.p. 144- 

202 





148° 


13 

tt 

1:9 

40 

Trace gum 

24 

14 

tt 

1:4 

40 


64 

15 

tt 

1:1 

40 


57 

16 

tt 

1:1 

20 

Trace crystalline material 

71 

17 

tt 

1:1 

60 


83 

18 

Ether 


20 


23 

19 

“ 


20 

Trace solid 

137 

20 

Ether-methanol 1:1 

40 

Gums 

839 


in ethereal solution for 4 daj^s at room temperature, and subsequently re- 
isolated after extraction -w-ith alkali. The recovered material -was nov 
treated with an excess of lithium aluminum hydride in refluxing tetrahydro- 


Table II 

Conversion of C'*-Lanosterol to Cholesterol 


Experiment 

No. 

Lanosterol 
added, mg. per 
ml. homogenate 

Lanosterol 

added 

Total activity, 
c.p.m. 

lanosterol 

recovered 

Cholesterol 
Total activity, 
c.p.m. 

Per cent conversion* 

Calculation 

A 

j Calculation 

1 B 

1 

0.3 

15,600 

9500 

410 

2.6 

6.9 

2 

0.025 

1,300 

890 

104 

8 

25 

3 

0.0063 

325 

227 

62 

19 

63 


* Calculation A, per cent of added lauosterol converted to cholesterol; Calcula- 
tion B, per cent of “utilized” lanosterol (lanosterol added-lanosterol recovered) 
converted to cholesterol. 
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furaii for 50 minutes, with the object of reducing any epoxides to bydroxyl- 
ated derivatives. The reaction mixture was distributed between ether 
and the minimum of dilute sulfuric acid required to clarify the aqueous 
phase. After washing vdth bicarbonate solution and water, the ether layer 
was evaporated to dryness m vacuo to give a white crystalline residue which 
was chromatographed on 1.5 gm. of alumina. Ether-benzene (2:98) eluted 
15 mg. of solid material from wliich cholestanol, m.p. 141-142°, having 
10.8 c.p.m. per mg., was obtained on crystallization from methanol. 

DISCUSSION 

The results of experiments in wliich biologically labeled lanosterol was 
tested as a precursor of cholesterol are given in Table II. In all three ex- 
periments a significant conversion was found to take place. The bulk of 
the activity, however, was recovered as unchanged lanosterol, presumably 
because the lanosterol suspension is inhomogeneous and contains particles 
too large to enter into the reaction. When the concentration of labeled 
lanosterol in the homogenates was progressively reduced, the percentage of 
radioactivity recovered in the form of cholesterol was markedly increased, 
though the total quantity converted was greater at higher concentrations 
of lanosterol. The efficiency of the conversion is perhaps more significantly 
represented by the values in the last column of Table II, These represent 
the activity recovered in cholesterol in per cent of the lanosterol utilized. 
On this basis it is calculated that 63 per cent of the metabolized lanosterol 
in Experiment 3, Table II, is converted to cholesterol. 

It is of interest to compare the rate of this conversion with the rate of 
over-all synthesis of cholesterol from acetate in the same homogenate sys- 
tem. Calculations based on the specific activities of the precursor acetate 
and of the cholesterol isolated from incubation experiments carried out in 
this laboratory indicate that cholesterol is synthesized at the rate of ap- 
proximately 5 7 per ml. of homogenate during a 5 hour period. According 
to Table II, the quantities of cholesterol derived from lanosterol under 
comparable conditions in Experiments 1, 2, and 3 were 7.8, 2, and 1.2 y, 
respectively. Hence the rate of transformation of lanosterol to cholesterol 
is of the same order as the rate of the over-all synthesis. 

The labeled lanosterol which served as a precursor of cholesterol in the 
present experiments was obtained by diluting a small quantity of biologi- 
cally labeled “isocholesterol” with non-radioactive lanosterol. For the in- 
terpretation of the present results, it is therefore necessary to consider the 
possible contribution of by components of “isocholesterol” other than 
lanosterol itself. According to the evidence discussed in the preceding 
paper (1), the two C30 sterols having saturated side chains, dihydrolanos- 
terol and'dihydroagnosterol, contribute at most 5 per cent of the radio- 
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activity in “isocliolestcrol” and have a low specific actmty. On the other 
hand, agnosterol, separated from the biologicall}' labeled “isocholesterol,” 
was shown to have a specific actmty equal to SO per cent of that of the 
“isocholestcrol.” The proportion of agnosterol in “isocholesterol,” al- 
though not known with certainty, may be assumed to be 5.5 per cent, 
or one-half of the total content (11 per cent) of substances ha\Tng the 
7,9-diene system as measured by the intensity of light absorption at 244 
mfi. The proportion of the total radioacti\'itj' in the biologicall}’’ labeled 
material which is attributable to agnosterol may therefore be calculated 
in the following wa\': 5.1 mg. of labeled “isocholesterol” contained a total 
of 122,000 c.p.m., or a specific actmty of 24,000 c.p.m. per mg.; hence, 
the specific actmty of agnosterol = 24,000 X 0.8 = 19,200 c.p.m. per 
mg. Since the total quantity of agnosterol is 5.1 X (5..5/100) = 0.28 
mg., its total actmt 3 ’’ is 19,200 X 0.28 = 5380 c.p.m., and hence the 
percentage of the total radioacti^^tJ'■ present as agnosterol is (5380 X 100) /- 
122,000 or 4.4 per cent. 

The labeled “isocholesterol,” ha\dng 11 per cent 7,9-diene components, 
was diluted 20-fold ulth non-isotopic lanosterol which in itself contained 
1.5 per cent of such dienes. After crj^stallization of the mi.\ture, these 
compounds comprised 2 per cent of the product, as would be e.\pected if 
no change in the proportions of the components occiured on cr^^stalliza- 
tion. Hence, it can be assumed that, in the dilution and crystallization 
of labeled “isocholesterol” with lanosterol, the percentage contribution of 
agnosterol to the total radioactiAut}’- remains imchanged, namel}^ 4.4 per 
cent. Assuming that, in the course of these procedures, the proportion of 
dihydro compounds also remained unchanged, then a total of 4.4 plus 5, 
or 9.4 per cent of the C** content of the mixture, could have been present 
in substances other than lanosterol. In one out of the three experiments 
recorded in Table II (E.\-periment 3), 19 per cent of the substrate was con- 
verted to cholesterol, and hence lanosterol must be the principal single 
source of for cholesterol. 

The identity of the bulk of the radioactive product vith cholesterol is 
demonstrated bj"" the fact that its specific acti\dty underwent no diminution 
on crystallization and piuification in the usual waj’- via the dibromide. It 
was considered possible, however, that at least a part of the product ap- 
pearing in the cholesterol fraction could consist of sterols ha%ung double 
bonds in the same region of the nucleus as in lanosterol or agnosterol. It 
was therefore necessary to attempt some form of purification procedure 
for eliminating specificalty such contaminants. The method emplo 3 "ed 
was designed to convert cholesterol to cholestanol, while converting an 3 ' 
compounds with double bonds in the 7,8, 8,9, 9,11, and 8,14 postions to 
more polar derivatives which would be readily separable b 3 ’' chromatog- 
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raphy. In view of the retention of the original level of activity during con- 
version to cholestanol, it may be safely concluded that the C“ content of 
the cholesterol fraction is principally due to cholesterol itself. The pres- 
ence of companion substances with approximately equal specific actiwty 
cannot of course be ruled out on the basis of these iiurification methods. 

While it is clear from the results of the present investigation that lanos- 
terol can be a jirecursor of cholesterol, it does not follow that this trans- 
formation is a necessary event in the normal course of steroid biogenesis. 
Experiments vdth crude tissue preparations of the type used are inherently 
inconclusive in this respect. Some evidence has been obtained, however, 
which is consistent ivith the idew that lanosterol is a normal precursor of 
cholesterol. The intestinal tract tissue of rats killed shortly after injection 
of acetate-C'^ was found to contain lanosterol of specific activity several 
times higher than that of the cholesterol ioslated in the same experiments.^ 
At longer time intervals after injection, the lanosterol fractions still con- 
tained but their specific activities were now relatively low compared 



Fig. 1 


to those of cholesterol. According to Schwenk et al. (3, 4), the cholesterol 
synthesized from acetate in similar experiments of short duration or in 
liver perfusions is accompanied by “high counting” materials which can 
serve as precursors of cholesterol. It seems possible from the above re- 
sults that, in part at least, the actimty in these so far unidentified sub- 
stances may be due to lanosterol. 

Structural reasons make lanosterol particularly attractive as an inter- 
mediate in the conversion of squalene to cholesterol. On the one hand, the 
constitution of lanosterol is suggestive of an origin from a triterpenoid pi'o- 
cursor by cyclization; on the other hand, lanosterol shares with the steroids 
the tetracyclic ring system and can in fact be designated as a 4,4',14-tn- 
methylcholestadienol. It was on the basis of these relationships fhat tlie 
cyclization scheme given in Fig. 1 was proposed (2). Moreover, the cycli- 
zation of squalene to lanosterol has been rationalized in terms of ionic 
mechanisms by the suggestion of Ruzicka (5) that, subsequent to an attack 
by a cationic reagent, the cyclization of the triterpene proceeds synchro- 
nously to lanosterol vdthout stabilization of intermediates. The distribu- 
tion of the carbon atoms of acetic acid in bio.synthetic squalene reported by 

» Unpublished experiment.s, carried out by P. Schneider in (his laboratory. 
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Comfortb and Popjdk ( 6 ) and particularlj' the origin of C7 and Cn ( 7 , 2 ) 
of cholesterol from methjd carbons of acetate have until nov been the most 
compelling e\ddence for the postulated mechanism of steroid biogenesis. 
Tliat squalene itself is a direct precursor of the steroids, though in accord 
vith all the experimental data, has remained a tentative conclusion be- 
cause squalene is as yet not obtainable bj' organic s3Tithesis, and because 
the identit}' of biologically labeled squalene has not been rigorously estab- 
lished. With the demonstration that lanosterol is synthesized in liver tis- 
sue and is efficientl3' converted to cholesterol, the squalene h3q)othesis has 
been considerabl3’’ strengthened since squalene alone among naturally oc- 
curring compounds satisfactoril3' explains the origin of lanosterol and the 
r 61 e pla3'ed by a Cso sterol in the biosynthesis of cholesterol. 

SUMMARY 

The conversion of lanosterol to cholesterol in rat liver homogenates has 
been demonstrated vith the aid of biologically labeled lanosterol. 
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It has been demonstrated that C“Oj admhiistered to fasted rats (2) or 
incubated with liver slices from fasted animals (3) jdelds gh-cogen which 
is labeled predominant!}' in carbon atoms 3 and 4. These findings are 
consistent with the mterpretation that CO 2 incorporation into glycogen 
proceeds by a reversal of the anaerobic glj'colj'tic pathway (4). However, 
during the past several years it has become e\'ident that pathwaj-s other 
than the Embden-jMeyerhof scheme may play a role in carbohydrate 
metabolism. It has prenously been shown with liver enzj-me preparations 
that pentose phosphate-2, 3-C''‘, which may arise bj' the oxidation of 
hexose monophosphate-3 ,4-C*S j-ields glucose 6-phosphate labeled in 
positions 1 to 4 (5). If these reactions were to occur in intact liver, iso- 
tope originall}' incoi-porated into the 3,4 position of glucose 6-phosphate 
would be expected to become redistributed into positions 1 and 2. IVhile 
evidence for the preferential formation of CO 2 from glucose C-1 by liver 
slices has been reported by Bloom, Stetten, and Stetten (6-8) and con- 
firmed in a number of other laboratories (9-11), there is lack of agreement 
as to the ciuantitative importance of such non-glycoMic mechanisms 
( 8 , 11 ). 

In general, studies of C'^0: incorporation into glycogen have been car- 
ried out with fasted animals. It has been demonstrated, however, that 
fasting markedly affects gh'cogen formation (12), glucose and pj-ruvate 
utilization (13), and fatty acid and CO; production (14). The present 
investigations were undertaken to ascertain whether the feeding of a 
high carbohydrate diet might lead to a distribution of tracer in glucose, 
which is different from that obser\'ed in studies -with fasted animals. 
Liver slices from fasted and from fed rats were incubated with lactate in 
the presence of C‘^Oj and the glycogen was isolated and degraded. It 
was found that, while positions 3 and 4 were labeled equally when liver 

* While this manuscript -was in preparation, the authors learned of similar experi- 
ments with pj-ruvate-2-Cn carried out by Landau ct al. (1). 

t Present address, Department of Medicine, College of Physicians and Surgeons, 
Columbia University, New York. 
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slices from fasted rats were employed, in almost every experiment with 
slices from fed animals carbon atom 4 had a higher specific activity than 
carbon atom 3. TWien glycerol was included in the medium, the distribu- 
tion of tracer in glycogen from liver slices of fasted rats became similar to 
that obtained with tissue from fed animals. In most experiments, small 
amounts of isotope were incorporated into the remaining carbon atoms; 
usually positions 1 and 2 were more heavily labeled than positions 5 and 6. 

Methods 

Tissue Preparation — Male rats of the Sprague-Dawiey strain, weighing 
betAveen 150 and 225 gm., Avcre used. For a 4 day period prior to the 
experiment, these rats were offered a diet containing 58 per cent glucose, 
22 per cent casein, 6 per cent brewers’ yeast, G per cent salt mixture (15), 

2 per cent liver powder (Lederle), 4 per cent Cellu flour, and 2 per cent 
vitamins A and D in Wesson oil (14). In the studies Avith Ih'^er slices from 
fasted rats, all food was AvithdraAAm for a 72 hour period prior to sacrifice. 
Both groups of rats were given AA^ater ad libitum. On this regimen, the 
fed rats gained betAveen 10 and 24 gm. in AAmight and the fasted rats lost 
25 to 40 gm. The rats were sacrificed by decapitation and the livers 
remoA'-ed and placed in a slicing medium chilled over ice. The slicing 
media were identical AAuth the incubation media, except that they contained 
no substrates. The tissue slices, prepared Avith a Stadie-Riggs sheer (16), 
were blotted free of excess liquid AAuth filter paper and weighed on a tor- 
sion balance. In order to obtain an adequate amount of glycogen for 
degradation, a total of 4 gm, of Iwer slices was used in the experiments 
Avith fed rats and 6 gm. of liver slices in the experiments with fasted ani- 
mals. 

Incubation Procedure — The C^^-bicarbonate solution AA^as prepared by 
absorbing liberated from 1.0 me. of BaC^^Os in a slight excess of 

0.5 N NaOH or KOH for the experiments AAuth Medium I or Medium II, 
respectively. The radioactiA''e solution Avas adjusted to the phenol- 
phthalein end-point AAuth 0.2 n HCI. The final solutions contained 1 to 

3 X 10® c.p.m. per ml., as determined by counting 0.02 ml. aliquots at 
infinite thinness. 

The incubation vessels Avere 125 ml. Warburg type flasks. Each con- 
tained 2.0 ± 0.1 gm. of liver slices in a final Amlume of 21.5 ml. This 
consisted of 1 ml. of substrate solution, 0.5 ml. of the C”-bicarbonatc 
solution, and 20 ml. of a bicarbonate buffer solution previously saturated 
AAuth a gas mixture containing 95 per cent O 2 and 5 per cent CO 2 . Two 
bicarbonate buffer solutions AAuth Amrying concentrations of Na+ aim K 
Avere used. The ionic composition of Medium I Avas similar to the Krebs- 
Ringer bicarbonate buffer as described by Umbreit et al (17), except tba 
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tlie final Na'*' concentration was 15S m.cq. per liter, and the Cl“ concentra- 
tion was 111.0 m.cq. per liter. jMediuin II contained 110 m.cq. of K+ 
and no Na+, and was similar to that dc.scribcd b}' Hastings ct al. (18), 
except that the chloride concentration was 106 m.cq. per liter. 

The substrate solutions contained either 600 /imoles of lactate or 
300 Mmoles of lactate plus 300 Mmoles of glycerol, adjusted to pH 7.4. 
The flasks were placed in a 38° water bath and aerated for 10 minutes 
■with the O 2 -CO 2 gas mixture. The pH of the reaction nuxture was 7.4 
to 7.5. Folio-wing aeration, 0.5 ml. of C“-bicarbonate solution was intro- 
duced into a side arm and tipped mto the incubation medium. The 
flasks were incubated for 15 to 240 minutes. 

Glycogen Degradation — Glycogen was isolated from the liver shces and 
purified to constant specific actiruty bj' the method of Stetten and Boxer 
(19). Glucose was obtained bj' h 3 'drolj’sis of the glj'cogen nith 1 n 
H! 504 as described by Topper and Hastings (3). Reducing sugar was 
determined b}' the method of Somog}'! (20). 

Glucose was degraded by fermentation with Leiiconostoc mcsenler aides, 
which has been shomi by Gunsalus and Gibbs (21) to jield CO 2 , ethanol, 
and lactic acid. In the present experiments about 400 Mmoles of glucose 
were fermented. The CO 2 (carbon atom 1) released during fermentation 
was absorbed in 2 n C02-free KOH. The ethanol (carbon atoms 2 and 3) 
was oxidized to acetic acid bj- heating for 2 hours at 90° with 0.5 gm. of 
potassium dichromate in 4 n .sulfuric acid and the product degraded by 
the method of Phares (22). Lactic acid (carbon atoms 4, 5, and 6) was 
oxidized to CO 2 (carbon atom 4) and acetic acid (carbon atoms 5 and 6) 
^\ith chromium trioxide m 1 n sulfuric acid (23). The acetic acid formed 
was degraded as before. 

Radioactmty measurements were made -nith a gas flow counter (24). 
All CO 2 samples were converted to barium carbonate and counted at 
infinite thickness. The reliabilitj’- of the degradation procedure was 
checked with samples of glucose-3 ,4-C‘^, glucose-l-C“, and uniformlj" 
labeled glucose-C“. The results of these degradations are presented in 
Table I. 


RESULTS AND DISCUSSION 

With lactate as the onlj’^ added substrate, 86 to 99 per cent of the total 
C"'02 incorporated into gljxogen entered carbon atoms 3 and 4 (Tables II 
and III). With liver slices from fasted rats, these positions were es- 
sentially equally labeled (Experiments 1 through 3). However, in almost 
every experiment with liver slices from fed animals, carbon atom 4 had a 
higher specific activity than carbon atom 3 (Table III). The pattern of 
isotope distribution in the carbon chain of glj'cogen in the experiments 
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with either fasted or fed rat liver slices was similar ivhether the incubation 
medium contained a high Na+ concentration (Experiments 1, 2, and 7 
through 13) or no Na+ and a high K+ concentration (Experiments 3, 14, 
and 15). 


TABnE I 

Degradation of Glucose-S ,4-C'* , Ghtcosc-l-C^* , and Uniformly Labeled Glucose 


Relative activities in glucose carbon atoms* 


Compound 


Glucose-3, 4-C*^t 

Glucose-l-C“t 

Uniformly labeled glucose§. . . 


1 

■ C*I 

C-2 

C-3 

C-4 

C-5 

C-6 

2.3 i 

0.9 

48.0 

48.8 (41,400) 

0.0 

0.0 

99.4 (20,100) 

0.2 

0.2 

0.0 

0.2 

0.0 

16.9 

15.9 

16. oj 

17.2 

17.5 (8590) 

15.9 


* The specific activities (counts per minute per millimole of carbon) of the carbon 
atoms indicated are given in parentheses. 

t Glucose-3, 4-0’'* was obtained from the liver glycogen of fasted rats after intra- 
peritoneal administration of (2). The above data are in agreement with evi- 

dence for equal labeling in carbon atoms 3 and 4 obtained by other methods of degra- 
dation (3). 

t Kindi}* supplied by Dr. H. S. Isbell, National Bureau of Standards. 

§ Kindly supplied by Dr. M. Gibbs, Brookhaven National Laboratory. 


Table II 


Distribution of C'* in Glycogen of Liver Slices front Fasted Rats 


Experi- 

Incubation* 





Per cent total activity! 



ment 

No. 

Substrate 

Med- 

ium 

Dura- 

tion 

C-l 

C-2 

C-3 

C-4 

C-s 

C-6 

1 

Lactate 

I 

tnin, 

30 

1.1 

1.1 

47.4 

48.0 (4020) 

1.2 

1.2 

2 

(( 

I 

120 

1.8 

1.0 

47.6 

48.6 (4140) 

0.5 

0.5 

3 

(( 

II 

30 

0.5 

0.5 

48.8 

50.2 (810) 

0.0 

0.0 

4 

Glycerol -f- lactate 

I 

30 

0.6 

3.9 

33.5 

60.3 (1780) 

0.3 

1.4 

5 

“ .f << 

I 

30 

2.4 

4.1 

29.5 

56.8 (580) 

4.0 

3.2 

6 

<< ^ “ 

I 

30 

1.1 

1.9 

32.0 

63.5 (194) 

1.1 

0.4 












* Substrate concentrations and composition of media as described in the text, 
t The specific activities of the carbon atoms indicated are given in parentheses. 


The appearance of label predominantly and symmetrically in carbon 
atoms 3 and 4 of glucose in the experiments with liver slices from fasted 
rats is in accord with previous observations (2, 3). This finding is con- 
sistent with the interpretation that, under these experimental conditions, 
carbox 3 *-labeled phosphopyruvic acid, arising from C »02 fixation into 
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dicarboxj-lic acids, contributes cquallj' to carbon atoms 1 through 3 and 4 
tlirough 6 of glj’cogcn. 

The lower specific actuity of carbon atom 3 in the liver glj'cogen of fed 
rats may be attributed to the presence in these tissues of unlabelcd triose 
phosphate which would consist mainly of dih 5 -drox}'acetone phosphate, 
and which would condense with newly formed labeled glyceraldehyde 
3-phosphate. The validity of this interpretation was tested by incubating 
liver slices from fasted rats with gl 5 'cerol, a precursor of dihydroxyacetone 
phosphate, together with lactate and C“0:. This addition resulted in 


Table III 


Dislribiilion of C" in Glycogen of Liver Slices from Fed Rais 


Experi- 

Incubation* j 



Per cent total activityt 



menl No. 



C-i 

C-2 

C-3 

C.4 

c-s 

c.* 

7 

I 

1 tnin. 

! 

4.5 

1 

0.5 

43.2 

50.5 (5S8) 

0.8 

0.5 

8 

I 

20 

0.5 

0.5 

41.1 

56.4 (1020) 

1.0 

0.5 

9 

I 

30 

2.6 

1.3 

40.3 

52.9 (1150) 

2.4 

0.5 

10 

I 

60 

2.1 

0.4 

41.7 

54.5 (6840) 

0.3 

1.0 

11 ! 

I 1 

75 j 

2.7 

2.6 i 

39.6 1 

53.4 (1230) 

1.3 

0.4 

12 ! 

I ' 

ISO ! 

2.3 i 

4.6 i 

39.7 

50.6 (4310) 

, 1.6 

1.2 

13 

1 

220 

1.4 

3.9 

42.8 

45.6 (7710) 

! 4.1 

2.2 

14 

11 

15 

1.1 

2.4 

41.6 i 

54.2 (2170) 

0.3 

0.4 

15 

11 

30 

1.7 

1.8 

43.9 1 

1 

50.5 (3920) 

i 

i 0.9 

1 


* Substrate (lactate) concentration and composition of media as described in the 


text. 

t The specific activities of the carbon atoms indicated are given in parentheses. 


glycogen more heavily labeled in carbon atom 4 than carbon atom 3 
(Experiments 4 and 5). 

These findings complement those of Schambye et al. (25), who obsen-ed 
that the administration of gtycerol-l-C“ to fasted rats resulted in glycogen 
which contained more in carbon atom 3 than in 4. Recently, Dische 
and Rittenberg (26) reported the asymmetric labeling of glucose following 
the administration of phenylalanine-4-C*’ to fasted rats. These earlier 
observations of others and the present findings of unequal labeling of 
carbon atoms 3 and 4 are compatible with the hj-pothesis that the in- 
corporation of tracer into these positions of glucose is dependent on a 
balance between the reactions involving the isomerization of dihydroxy- 
acetone phosphate and glyceraldehyde 3-phosphate, the condensation 
of these esters to fructose 1,6-diphosphate and its conversion to fructose 
6-phosphate, and the formation of dihydroxj’^acetone phosphate from 
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glycerol via Q:-gl 5 rcerophosphate. The fed rat has relatively large endoge- 
nous, hence unJabeled, sources of dihydroxyacetone phosphate precursors, 
f-c. glycogen and glycerophosphate, and a similar condition arises when 
rat liver slices from fasted animals are incubated with unlabeled glycerol. 
The present results suggest that., under these conditions, the condensation 
of glyceraJdehyde 3-pliospliate-l-C*'’ and dih 3 '-droxyacetone phosphate 
proceeds more rapidly than their isomerization. While this mechanism is 
not the only one by which C”02 may label carbon atom 4 more heavil}'' 
than carbon atom 3, it is likely that it makes the major contribution to 
this asymmetrical labeling. 

It has previousl 3 '' been reported that traces of isotope from C^^02 are 
incorporated into positions 1, 2, 5, and 6 (27). In the present experiments 
these carbon atoms were labeled consistently with specific actiwties 
reaching 5 to 10 per cent of those found in carbon atoms 3 and 4 (Tables 
II and III). This result may reflect the operation of the pentose phos- 
phate pathway (28). Other explanations for the incorporation of 
into positions other than 3 and 4 are available. Thus a condensation of 
pymvic acid and gl 3 '-ceraldehyde 3-phosphate, by a reversal of the reac- 
tions described by Entner and Doudoroff (29), would result in hexose 
monophosphate labeled in carbon atoms 1 and 4. C^'*02 might also be 

incorporated into carbon atom 1 by fixation to pentose phosphate (30, 31). 
At the present time, howe^mr, there is no evidence for either of these proc- 
esses in mammalian tissue. 

It must be emphasized that the isotope incorporation into carbon atoms 
1, 2, 5, and 6 was small and somewhat variable compared to the labeling 
of positions 3 and 4. It Avould thus appear that, although under the 
conditions of the present experiments several pathwa 3 ’'S are present in 
liver, the glycolytic mechanism pla 3 ’'s the major role in the s 3 mthesis of 
glycogen. 


SUMMARY 

Liver slices from fasted and fed rats were incubated with C^‘‘02 and 
lactate, and the glycogen was isolated and degraded. With slices from 
fasted rats, positions 3 and 4 of the glycogen were labeled equalLs while 
with liver slices from fed animals the activity in carbon atom 4 was 15 to 
35 per cent higher than in carbon atom 3. The amount of isotope in- 
corporated into position 3 in the g^mogen from slices from fasted animals 
was depressed when non-isotopic glycerol was added to the medium. 
Small but reproducible quantities of also appeared in carbon atoms 
1 2, 5, and 6. Possible interpretations for these observations are dis- 
cussed. 
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FORMATION OF TESTOSTERONE GLUCURONIDE BY 
SURVniNG LIVER SLICES* 


By william H. FISHMAN akd HSIEN-GIEH SIE 

{From the Cancer Research and Cancer Control Lntt, Departments of Surgery and of 
Biochemistry and Kiitrition, Tufts L niversity School of Medicine, and the Cancer 
Research Laboratory of the Nctc England Center Hospital, Boston, Massachusetts) 

(Received for publication, June 9, 1955) 

Testosterone is kno^^Tl to be metabolized mainlj' to the saturated 17-keto- 
steroids, androsterone and etiocholanolone (1-5). Inasmuch as a number 
of steroid hormones and their metabolites are converted to conjugated 
glucuronides, testosterone may be expected to form a glucuronide in the 
organism. Since testosterone, either free or conjugated, has not been de- 
tected in urine, it seemed more profitable to search for testosterone glucu- 
ronide as a product of the metabolism of testosterone in vitro. Experi- 
mental data supporting the ^dew of the existence of testosterone glucuronide 
are described in this paper. 


Methods 

The following provided the basis for the separate quantitative determina- 
tion of testosterone glucuronide and testosterone present at the end of the 
period of incubation of testosterone with sursuYing liver slices. 

Principle — Testosterone was quantitatively removed from the deprotein- 
ized incubation mixture bj' benzene extraction at pH 7.5, following which 
its glucuronide was extracted with ethyl acetate at pH 1.0. ^-Glucuroni- 
dase hj'drolysLs of an aqueous solution of the glucuronides, thus extracted, 
released testosterone and glucuronic acid. The testosterone was deter- 
mined spectrophotometrically as the thiosemicarbazide derivative (6) and 
the glucuronic acid bj^ the microanaljdical naphthoresorcinol method of 
Fishman and Green (7). 

Reagents — Testosterone c.p. (a kind gift from The Upjohn Company) 
IHebs-Ringer bicarbonate and phosphate buffers (8), propylene glj’^col c.p. 
and thiosemicarbazide (Eastman Kodak), liver /3-glucuronidase, Ketodase 
(Wamer-Chilcott) . 

Experimental Design — ^Adult male rats (approximately 250 gm.) were 
killed by dislocating the cer\ical vertebrae. The livers were removed by 

* Aided by grants-in-aid from the Damon Runyon jMemorial Fund for Cancer 
Research, New York, and an Institutional Grant of the American Cancer Society, 
New York. Presented at the Fortj'-sixth annual meeting of the American Society 
of Biological Chemists, San Francisco, April 11, 1955 {Federation Proc., 14, 211 (1955)). 
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rapid dissection and cooled in ice, and then slices were cut free-hand with a 
razor blade. Each experiment was carried out in quadruplicate. The 
slices were suspended in Ej’ebs-Ringer bicarbonate buffer at pH 7.4 in a 
total volume of 6.0 ml., 1.7 yumoles of testosterone in 0.2 ml. of propylene 
glycol having been added pre^'iously. The controls were set up in the ab- 
sence of testosterone. The mixtures were stoppered and shaken for 2 hours 
in air at 38° in a Dubnoff shaking incubator. After this procedure, 1.7 
/imoles of testosterone in 0.2 ml. of propylene glycol were added to the con- 
trol flasks. The incubated mixture in each case was deproteinized by add- 
ing 1.0 ml. of 10 per cent ZnS04 plus 1.2 ml. of 0.5 n NaOH and 6.8 ml. of 
H2O. The liver slices were removed immediately and rinsed with water and 
their weight determined after drying at 100°. The mixture remaining was 
centrifuged, and the supernatant solutions were pooled and processed as 
follows. 

A 25 ml. aliquot of tliis mixture was extracted five times vdth 10 ml. 
portions of benzene. The aqueous phase was then made 2 n with respect 
to hydrochloric acid and extracted four times with 30 ml. volumes of ethyl 
acetate. The ethjd acetate was distilled under reduced pressure, and the 
residue w^as usually dissolved hi 14 ml. of hot water and filtered. From 5 
to 8.5 ml. of the filtrate, depending on the concentration of glucuronide ex- 
pected, were incubated vdth 2500 Fishman units (9) of i5-glucuronidase in a 
final volume of 10 ml, at pH 4.6 (0.1 m acetate buffer) overnight. This 
digest was deproteinized wdth Zn(OH)2 and the liberated testosterone ex- 
tracted by 10 ml. of benzene (vigorous shaking for 4 minutes). The aque- 
ous phase contains the free glucuronic acid. 

An aliquot (1 or 2 ml.) of the benzene extract was evaporated to dryness, 
and the product was treated with thiosemicarbazide in glacial acetic acid 
(6). The optical density was measured at 300 mfx, and the testosterone 
concentration was read from a previously established linear calibration 
curve relatmg testosterone concentration to optical density. Testosterone 
may also be determined by measuring its optical density in absolute meth- 
anol at 240 mju. The absorption spectrum of testosterone in concentrated 
sulfuric acid Avas determined only in experiments designed to identify 
testosterone prepared by hydrolyzing its conjugate. Glucuronic acid lib- 
erated by /?-glucuronidase Avas determined by the method of Fishman and 
Green (7). 

In control experiments with liver tissue, 90 per cent of the added testos- 
terone can be recovered, and hence the analytical figures for these have been 
increased by 10 per cent as a correction. 

EXPERIMENTAL 

Formation of Testosterone G/i/cnronfdc— Each of many control 
ments in which testosterone Avas added to the incubation mixture after ic 
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interval of incubation failed to produce steroid material vhicli vas ethyl 
acetate-extractable and ■which contained conjugated glucuronic acid. The 
product of the test mns iin-ariably behaved as a glucuronide under the con- 
ditions of the naphthoresorcinol reaction designed for measuring glucuron- 
ide glucuronic acid (7). The liberation of free glucuronic acid from this 
conjugate by j3-glucuronidase was paralleled bj' the disappearance of the 
glucuronide (7). Similarl}’’, the rate of liberation of testosterone was of the 



HOURS 


Fig. 1 



I . I . I 1 ■ -I -■ I . 

260 300 340 260 300 340 


WAVELENGTH 
Fig. 2 


Fig. 1. Rate of liberation of testosterone (•) and glucuronic acid (O) from the 
product during ^-glucuronidase hydrolysis. The reaction mi.xture contained conju- 
gates corresponding to 0.3 /jmole of glucuronide glucuronic acid and 0.3 ml. of en- 
z 3 -me (1500 Fishman units) in a total of 10 ml. of 0.1 m acetate buffer, pH 4.6. Inter- 
vals of incubation at 37° are indicated. 

Fig. 2. Ultraviolet absorption spectra of steroid liberated bj' (3-glucuronidase 
hj-drolj'sis of the glucuronide. •, testosterone; O, product from one experiment; 
X, product from a second e.xperiment. The optical density iras measured with a 
Beckman ultraviolet spectrophotometer. Conditions for sulfuric acid treatment 
were 30 minutes heating at 100° in concentrated H;S04. The thiosemicarbazone de- 
rivative (T. S. C.) was prepared as described in the text. 


same order as the rate of release of free glucuronic acid bj'’ /3-glucuromdase 
(Tig. 1), and in some other experiments (Fig. 7) equimolar amounts of 
testosterone and glucuronic acid tvere liberated. The ultraviolet absorp- 
tion spectrum of the steroid product of two different experiments (after 
(3-glucuronidase hj^drotysis) was identical to that of testosterone (Fig. 2). 

The steroid product of a third experiment was subjected to paper chro- 
matography according to the standard Bush procedure. A single zone 
which absorbed in the ultramolet and gave a positive Zimmermann reac- 
tion was observed. This material had the same Rr value as the reference 
standard, testosterone, run simultaneousljn Material obtained in a similar 
fashion from control flasks was negative for testosterone. This identifica- 
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tion study was carried out througii the kindness of Dr. L. L. Engel of the 
Massachusetts General Hospital. 

The steroid glucuronide was hydrolyzed by /3-glucuronidase at an optimal 
pH of 4.5, a value typical of pH optima of substrates for this particular 
enzyme (Fig. 3) (10). 

The ultraviolet absorption spectrum of testosterone, whether measured 
in H2SO4 or in methanol or as the thiosemicarbazone derivative in glacial 




TESTOSTERONE CONCENTRATION 
Fig. 4 


Fig. 3. Effect of pH on h 3 'drol 3 "sis of glucuronide b}' /?-glucuronidase. Each re- 
action mixture contained 0.46 ^mole of substrate and 0,3 ml. of 1500 Fishman units 
of ^-glucuronidase in a total of 10 ml. of 0.1 m acetate buffer of a given pH. Incu- 
bation at 37° for 4 hours. •, testosterone (thiosemicarbazone); X, testosterone (in 
methanol); O, hydrolyzable glucuronic acid. 

Fig. 4. Testosterone concentration and glucuronide formation on conjugation. 
The reaction mixtures each contained around 100 mg. of fresh liver slices, varying 
amounts of testosterone, and ICrebs bicarbonate buffer (final volume 6 ml.). These 
were incubated at 37° for 2 hours in a Dubnoff shaking incubator. H 3 'drolyzable 
testosterone was measured. 


acetic acid, is due to the 3-keto, A'* configuration of the molecule. In the 
event of a reduction of either or both the 3-keto and linkages, absorption 
in the ultraviolet region would be changed or abolished. Accordingly, the 
differences noted (e.ff., Figs. 3, 5, 8) in the figures between micromoles of 
conjugate based on glucuronic acid analyses and micromoles of conjugate 
determined from hydrolyzable testosterone are due no doubt to non-testos- 
terone glucuronides. 

Effect of Testosterone Concentration on Glncnronide For 7 naiion — Fig. 4 
illustrates the influence of testosterone concentration in the incubation 
medium upon the rate of glucuronic acid conjugation. A linear relation- 
ship was noted, conjugation being measured in the presence of as little as 
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25 7 of testosterone in the digest. A maximal S3'Tithesis occurred at a con- 
centration of 500 T per flask, the rate falling with concentrations of steroid 
greater than this (data not shown in Fig. 4). 

EJfccl of pH of Incuhaiion ifixlure on Tcsloskrouc Glucuroiude Synthesis — 
According to Fig. 5, the optimal pH for s3nithesis is 7.4. It should be noted 
that the rate of s3nithesis is greater when the medium contains Krebs-Ringer 




Fig. 5 Fig. 6 

Fig. 5, Effect of pH on testosterone conjugation. The reaction mi.xture contains 
Kreba-Einger phosphate buffer at different pH values as indicated. X, testosterone; 
O, glucuronic acid. 

Fig. 6. Relative rates of disappearance and of glucuronidation of testosterone in 
the presence of rat liver. Incubation mi.xtures were constructed as described in the 
te.xt and deproteinized at the time intervals indicated. X, disappearance of tes- 
tosterone based on testosterone analysis of the first benzene e.vtract; these values are 
corrected to 1 gm. of liver in the zero time incubation mixture; O, steroid glucuronide 
content based on anal 3 'sis for hj'droij'zable glucuronic acid; • , testosterone glucuron- 
ide content based on hj'droij’zable testosterone. 

bicarbonate rather than phosphate buffer, a finding resembling the observa- 
tions of others who used the o-aminophenol-liver slice S3^stem (11). 

Time Relationships Observed in Rates of Testosterone Disappearance and 
Testosterone Glucuronide Synthesis — ^Testosterone, as measured b3^ ultravi- 
olet absorption spectrometr3^, was metabolized rapidlj’, according to Fig. 6, 
whereas a linear rate of glucuronide s3'nthesis was noted over the time period 
of the experiment (2 hours). The percentage of testosterone being con- 
verted to glucuronide was onl3^ a fraction of the amount of the steroid disap- 
pearing (about 5 to 10 per cent). However, at the end of 2 hours, a major 
portion of the testosterone remaining in the digest was being conjugated 
with glucuronic acid. 

Effect of Liver Concentration — ^As shown in Fig. 7, the highest rate of tes- 
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Fig. 7 Fig. S 

Fig. 7. Effect of liver concentration. Slices from Liver I provided the material 
from which the curves on the left region of the figure were obtained; slices from Liver 
II, the curves on the right portion of the figure. • , testosterone glucuronide, based 
on analysis for h^^drolj'zable testosterone; O, steroid glucuronide, based on analj'sis 
for hj'drolyzable glucuronic acid. 

Fig. 8. Rate of glucuronide S 3 mthesis as a function of the percentage of total 
testosterone conjugated. X, steroid glucuronide synthesis based on hydrolyzable 
glucuronic acid; O, testosterone glucuronide s 3 ’nthesis based on h 3 -drol.vzable testos- 
terone; rate of conjugation ns micromoles per gm. per hour. 


Table I 

Experiments on Testosterone Conjugation with Livers of Six Animal Species 


Species 

Formation of steroid glucuronide 
based on hydrolyzable 
glucuronic acid 

Formation of testosterone 
glucuronide based on 
hj drol.vzable testosterone 


per cent* 

pinoles per gm 
per hr. 

per cent* 

nmoles per gm 
per hr 

Hamster 1 

5.50 

0.276 j 

1.55 

0.264 

“ 2 

8 05 

0.402 

1.57 

0.267 

Mouse 1 

4.03 

0.655 

2.05 

0.211 

“ 2 

5.10 i 

0.650 

2.95 

0.251 

Rabbit 1 

1.59 

0.1S6 

0.75 j 

0.088 

“2 . 

7.10 

1 0.943 

2.95 

0.392 

Guinea pig 1 

6.75 

0.326 

2.04 

0.114 

ti . . 

' 10.20 

0.562 

3.45 

0.202 

Dog 1 

19.25 

1.535 

15.45 

1.276 

“2 

21.10 

2.270 

16.80 

1.770 

Rat I .... 

11.70 

1.185 j 

6.70 

0.770 

“ 2 .. 

13.20 

1 .320 1 

8.00 

0.S45 


* Per cent of testosterone originally present in the incubation mixtuie which is 
conjugated in 2 hours. 
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tosterone conjugation occurred ■ndth small amounts of liver, all of the hydro- 
lyzable glucuronic acid being accomited for by )3-glucuronidase-hydrolyzable 
testosterone. The absorption spectrum in methanol of the unhydrolj'zed 
product exhibited a maximum at 240 identical to testosterone, indi- 
cating therefore, that glucuronic acid is not attached to ring A of the 
steroid. 

Variabiliiy of Rate of Testosterone Glucuronide Formation in Rat Liver — 
In Fig. 8 are collected data obtained in thirteen different experiments ndth 
rat livers. The increase in the rate and extent of steroid glucuronide 
formation may be explained bj* an enhanced sjmthesis of testosterone glu- 
curonide. 

Testosterone Glucuronide Formation by Livers of Sevei'al Animal Species — 
From Table I it is seen that the livers of all of the animal species studied 
accomphshed the formation of testosterone glucuronide, dog liver being ap- 
parently the most efficient of the group. The metabohe conjugation of 
testosterone ■with glucuronic acid is probably a characteristic of mammahan 
liver. 


DISCUSSION 

The experimental e^'idence supports the \iew that survi-raig slices of rat 
and other mammalian species accomplish the metabolic conjugation of 
testosterone, jnelding testosterone glucuronide. Thus, in the presence of 
testosterone, a substance extractable from acid solution by ethyl acetate is 
produced, which gives a reaction for glucuronide glucuronic acid. /3-GIu- 
curonidase hj^drolyzed this material (7) (also this paper), jdelding steroid 
material and glucuronic acid. Most of this steroid is indistinguishable 
from testosterone according to measurements of its ultra'vdolet absorption 
spectrum whether in methanol or sulfuric acid or as the thiosemicarbazone 
derivative in glacial acetic acid and on the basis of paper chromatographj'. 
Often the figures for hydrolyzable glucuronic acid and testosterone agree 
^vithin experimental error, as in Fig. 7. 

Some of the favorable conditions for observing the conjugation have been 
established. These are optimal pH of the incubation, the most suitable con- 
centration of testosterone, and the desirability of employing small amounts 
of liver tissue in the incubation. 

Quantitatively, the amount of testosterone converted to the glucuronide 
is relatively small and for this reason may have been overlooked by premous 
workers (12-14). 

Interpretation of Role of Testosterone Glucuronide — Since the formation of 
this substance can be detected in sund's'ing liver slices in microgram 
amounts, it is entirelj’' possible that testosterone glucuronide may be pro- 
duced in vivo. The question is whether or not this conjugate is an obliga- 
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lory step in the metabolism of testosterone by liver and, if not, what is its 
biochemical significance. 

The rather considerable disappearance of testosterone (ultraviolet ab- 
sorption) from the incubation mixture at a time when the conjugation rate 
is low strongly suggests that in surviving liver slices glucuronide formation 
may not be an obligatory step in its metabolism. Furthermore, in order 
to account for the formation in vivo of androsterone and etiocholanolone 
from testosterone glucuronide, one would have to postulate, in addition to 
reduction of ring A of the steroid, some mechanism for producing the 17- 
keto group from the conjugated 17-hydroxyl. Evidence for such a mecha- 
nism (perhaps, involving simultaneous oxidation and hydrolj’-sis) is lacking. 

However, formation of testosterone glucuronide ma3'- be a means of pre- 
serving the hormone in its passage from the testis through the circulation 
and the liver on to its target organs. Certainly, the capacity of the liver, 
and other tissues, such as prostate and skin (14), to oxidize testosterone is 
sufficiently great to destroy the small amounts of testosterone which are 
supposedly produced endogenously. Thus, a need for a protective conjuga- 
tion may be visualized. The possibility of conjugates of steroid hormones 
being the materials utilized by the target organs has been mentioned pre- 
viously (15). 

Testosterone glucuronide should now be added to a growing list of hor- 
mone glucuronides which includes the glucuronides of estriol, estrone, thy- 
roxine, and epinephrine. 


SU:\IMARY 

Upon incubating testosterone Avith surAuving slices of liA'^er taken from six 
different animal species, a product AAuth the properties of testosterone glu- 
curonide is formed. Depending on the species and amount of liver used, 
from 1 to 20 per cent of the testosterone is conAmrted into material AA'hich is 
extractable from acid solution by ethyl acetate, giAms a reaction for glucu- 
roiiide glucuronic acid, and, on /3-glucuronidase hydrolysis, yields in nearly 
equimolar amounts glucuronic acid and a steroid AA’’hich is indistinguishable 
spectrophotometricallj'- and ehromatographically from testosterone. The 
optimal pH of hydrolysis of this product is 4.5. 

Experimental conditions have been defined AAEich 3deld optimal sjmthesis 
of the glucuronide. These include the H+ concentration of the incubation 
mixture, tissue AA^eight, testosterone concentration, and time. 

This is another example of the formation of hormone glucuronides, the 
significance of Avhich remains to be inAmstigated. 

The authors Avish to express their sincere thanks to Mr. S. Green for per- 
forming the many analyses for glucuronic acid. 
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ENZITMATIC CARBOXli'L ACTIVATION OF AMINO ACIDS* 
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Harvard University, at the Massachnsetls General Hospital, Boston, ifassaclniselts) 

(Received for publication, June 3, 1955) 

Previous work in this laboratoiy ( 1 - 3 ) had revealed that the incorpora- 
tion of C'Llabeled amino acids into the protein of rat liver microsonie 
fraction vas dependent upon ATP* and enzjnnatic components of the 
soluble protein fraction. Part of this enzjnnatic requirement was ac- 
counted for bj’’ enzjTues which would generate ATP from a precursor 
such as phosphocreatine, phosphopyruvate, or phosphogb'cerate. It was 
apparent, however, that, after fortification of the incorporation sj^stem 
with the precursors and the appropriate ATP generating enzjmies, heat- 
labile, non-dialyzable components of the soluble fraction were still re- 
quired. 

It therefore seemed reasonable to subject to experimental test the possi- 
bility that a mechanism for amino acid activation by ATP resides in this 
soluble protein fraction. Preliminary results of such a studj’’ ( 4 ) revealed 
that the dialyzed soluble protein fraction of rat liver catalyzes an exchange 
of PP*- with ATP which is enhanced several fold by the addition of a 
group of pure L-amino acids. The microsome fraction also catalyzes a 
PP ®2 exchange which is not, however, influenced by amino acids. It was 
found, furthermore, that AMP fails both to inhibit the amino acid-de- 
pendent exchange and to exchange with ATP (by using C'*-labeled AIMP). 
These results suggested that the amino acids were being activated as an 
amino ac3d ~ AMP compound. This possibility was given further sup- 
port b}^ the finding that a-amino hj’’dro.xamic acids are formed in the 
presence of high h3^drox3''lamine concentrations, vith concomitant loss 
of ATP. Since the amino acids did not cause a net splitting of ATP un- 
less hydroxylamine was present, it was proposed that the amino ac3d ~ 
AMP is bound on the enz3Tne surface and dissociates from the €023000 to 
only a small extent if at all. The n-amino acid effect on exchange and on 
h3’^droxamic acid formation was additive with different amino acids, and 
D-amino acids were inert in the s3’’stem. 

* This is Publication No. 856 of the Cancer Commission of Hanmrd Universitj-. 

t Scholar in Cancer Research of the American Cancer Societj'. 

' AMP and ATP = adenosine mono- and triphosphate; P = inorganic orthophos- 
phate; PP = inorganic pyrophosphate; CTP, UTP, ITP = cytidine, uridine, andino- 
sine triphosphate; GDP and GTP = guanosine di- and triphosplijite; Tris = tris- 
(hydro\ynicthj-l)aminonicthane. 
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These findings suggested a hypothesis for amino acid activation in 
animal tissue (4), which has since received further support by partial 
purification of the S 3 ’^stem and a more detailed analysis of its properties. 
The present paper deals with these extensions of the earlier work. 

EXPERIMENTAL 

Enzyme Preparalions — The livers of young (80 to 100 gm.) Wistar 
strain rats were used throughout. All operations were performed at 0°. 
5 gm. of liver were homogenized with 7 ml. of 0.05 m KCI and, after this 
homogenate was diluted with 1 or 2 volumes of 0.05 m KCI, it was spun 
at 105,000 X g for 50 minutes in a Spinco preparative ultracentrifuge. 

The soluble protein fraction of rat liver was drawn off vnth a syringe 
and the pH brought to 5,3 to 5.1 by the dropwise addition of 0.1 n HCl 
with constant stirring. The resultant precipitate was packed by centrifug- 
ing at 10,000 X g for 5 minutes. For certam experiments in which it was 
desirable to have minimal base-line exchange or h 3 ’'droxamic acid forma- 
tion, the soluble protein fraction was first diluted 6-fold ivith 0.05 KCI 
and subjected to the same isoelectric precipitation, and the precipitate 
was washed once with a smaller volume of KCI. In all cases the precipi- 
tate was finally resuspended by homogenization in 0.1 Tris buffer, pH 
7.6 (to give a final protein concentration of about 30 mg. per ml.), re- 
centrifuged at 15,000 X g, and the undissolved material discarded. Pro- 
tein concentration was determined turbidimetrically until trichloroacetic 
acid. (0.5 to 3 mg. of protein in 7.0 ml. of 3 per cent trichloroacetic acid 
was mixed thoroughly and read at 540 m/x in a Coleman spectrophotom- 
eter 30 seconds later. Standard calibration ivas carried out with knoum 
quantities of soluble protein fraction protein.) The preparation is referred 
to throughout as the pH 5 enz 3 ''me. 

The fraction active for methionine h 3 '-droxamic acid formation was 
derived from the soluble protein fraction by treatment unth saturated 
ammonium sulfate solution. The fraction precipitating between 35 and 
45 per cent saturation was collected by centrifugation, resuspended m 
0.005 M phosphate, pH 7.0, to giim a final protein concentration of about' 
30 mg. per ml., and dialyzed against 200 times the volume of the same 
concentration of phosphate for 18 hours. 

For the incorporation of C*^-amino acids into protein in the anaerobic 
cell-free system, rat liver was homogenized in a sucrose medium (0.35 m 
sucrose, 0.035 m KHCOs, 0.025 M’ KCI, and 0.004 m MgCb) under the 
conditions described previously (2), The homogenate was centrifuged for 
10 minutes at 15,000 X 0, and the supernatant fluid containing rnicro- 
somes and the soluble cell fraction was used without further fractiona- 

Materials P^- was obtained from the Oak Ridge National Laboratone.s. 


M. B. HOAGLAND, K. B. KELBEB, AXD P. C. ZAMECNIK 


347 


PP^ ^Yas prepared by pyrolysis of P“ and contained less than 17 per cent 
of F'-. (The pH 5 enzj'me docs not catalyze the P-ATP exchange.) 

ATP, CTP, and DTP were obtained from the Pabst Laboratories. The 
Sigma Chemical Company supplied crj'stallino ATP, ITP, GDP, and 
GTP. Paper electrophoresis of this sample of GTP indicated the presence 
of considerable GDP. 

Hydroxylamine was prepared salt-free from the hydrochloride by the 
method of Beinert el al. (5) and stored frozen. 

Ammo acids used in these studies were usuall}' products from the Nutri- 
tional Biochemicals Corporation or the Schwarz Laboratories, and the 
purity of all had been checked by paper chromatograph Dr. Jesse 
Greenstein’s group kindly supplied pure L-alanine, n-serine, L-isoleucine, 
and L-valme. The following twelve amino acids were used throughout: 
leucine, isoleucine, valine, glycine, threonine, histidine, phenjdalanine, 
tryptophan, serine, alanine, arginine, and lj’’sine. Glutamic and aspartic 
acids were omitted because of the activation of other than a-carboxyl 
groups, proline because of its possible conversion to glutamic acid, cysteine 
because of its complicating sulfhj’drjd effect, tyrosine because of its low 
solubilitj’’, and methionine for reasons which become apparent below. 

The hydroxamic acids of leucine, glycine, alanine, Ij^sine, valine, and 
isoleucine were generously supplied bj’’ J. D. Gregory and S. Genuth. 
Methionine hydroxamic acid was prepared bj’’ the method of Safir and 
Williams (6) from methionine isopropyl ester, a gift of Dr. Max Brenner. 
Since paper chromatography or paper electrophoresis of these amino 
hydroxamic acids showed the presence of small amounts of impurities, 
particularly the corresponding amino acid, they are being purified further 
to pro^dde exact standards. 

Exchange Studies — ^The pH 5 enzjmie was incubated for 8 minutes at 
37° in a volume of 1.0 ml. vdth 100 /xmoles of Tris buffer, pH 7.6, 5 /imoles 
of ATP, 1 finaole of PP^-, pH 7.5, containing 100,000 to 200,000 c.p.m., 
2 /imoles of MgCL, and amino acids as indicated. The low Mg^^’iATP 
ratio prevents enzjanatic PP hydrolysis during the incubation. The 
reaction was stopped by adding 0.3 ml. of 25 per cent trichloroacetic acid, 
and the ATP and PP were separated and determined by charcoal adsorp- 
tion according to the method of Crane and Lipmann (7). Under these 
conditions neither ATP nor PP was hj^drolyzed. The results are expressed 
arbitrarily as per cent exchange, which is calculated as follows: 

C.p.m. per /itnolo ATP 

£ — V ion 

Total c.p.m. per /imole (ATP -p PP) 

This gives the specific activity of the ATP as per cent of the value which 
would be obtained at equilibrium. 

Hydroxamic Acid Formation — ^The pH 5 enzjmie was incubated at 37° 
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for 50 minutes in a final volume of 2.0 ml. with 20.0 /mioles of the mono- 
magnesium, dipotassium salt of ATP (except in experiments in which the 
Mg .‘ATP ratio was ^’aried), about 2.4 mmoles of salt-free hydroxylamine, 
and amino acids according to ihc plan of the experiment. Hydroxamic 
acid was measured directly on a 1.0 ml. aliquot of the reaction mixture 
adding 3 ml. of a solution of 10 per cent FeCls, 5 per cent trichloroacetic 
acid, and f n HCl, with use, as an internal standard, of an equimolar mix- 
ture of the first six amino h 3 '^droxamic acids mentioned above, or when ap- 
propriate, the specific amino h 3 '^droxamic acid. At the final pH of the 
FeCls color development (about 1.0), the amino h 3 '’dro-\amic acids so far 
tested vary in color 3 ’-ield b 3 ’’ no more than 20 per cent, most of them by 
less than that. After inactivating the enz 3 ’’me in the remaining 1.0 ml. of 
incubation medium by placing the tubes in boiling water for 2 minutes, 
inorganic orthophosphate vms determined by the method of Fiske and 
Subbarow on a 0.1 ml. aliquot, and Avas compared to a zero time control. 
PP Avas determined on a similar aliquot after ATP had been adsorbed on 
charcoal by the method of Fl 3 mn et al. (8). 

Paper Chromatography of Reaction Products — Secondary butanol-formic 
acid-Avater in the ratio 75:15:10 and Whatman No. 3 filter paper were 
used for demonstrating amino hydroxamic acids. Genuth and Gregory^ 
had previously found this S 3 '’stem to give good separation of these sub- 
stances. Descending chromatograms AA^ere nui for 12 to 18 hours and 
then sprayed Avith acidic FeCls solution. Internal standards of knoAvn 
amino hydroxamic acids AAmre used. The samples Avere prepared for 
chromatography by placing the incubation mixture in boiling AA^ater for 2 
minutes, removing the protein b 3 ^ centrifugation, evaporating the super- 
natant solution to dryness, and desiccating for 24 hours in vacuo over 
concentrated H 2 SO 4 to remove NH 2 OH. The residue AA’-as redissoh^ed in 
AA^ater and placed on paper. 


Results 

General Characteristics of Ammo Hydroxamic Acid-Forming System The 
activity of the pH 5 enzyme varied from day to day but usuall 3 '' corre- 
sponded to 0.4 jumole of hydroxamic acid formed per mg. of protein per 
hour at 37°. The test Avas made AAuth 10 /zmoles of MgIG ATP, 1.2 mmoles 
of NH 2 OH (pH 7.5), and 2 //moles each of twelve amino acids, in a final 
Amlume of 1 ml. The pH 5 enzyme is about 5 times as actiA'-e as the origi- 
nal soluble protein fraction. There AA^as linear increase in hydroxamic 
acid formed Avith increasing Mg ATP concentrations up to 7 //moles per 
ml., Avith maximal response at 10 //moles. Fig. 1 shoAVS the accumulation 
of hydroxamic acid with time and indicates that the reaction proceeds 

2 Genuth, S., and Gregory, J. D., personal communication. 
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linearlj' for about 50 minutes. Fig. 2 relates hydroxamic acid appearance 
and NH5OH concentration. 

Although the enzj'matic activity of the original soluble protein fraction 
of rat liver is rapidly lost at — 10 °, the pH 5 enz3Tne can be stored frozen 
with little loss in acthdty. All enzjTnatic acti\'it3’- is lost upon heating at 
50 ° for 3 minutes. The stability properties of the S3'stem appl3' to the 
PP-ATP exchange reaction as well. The base-line exchange and h3'dro.\'- 



Fig. 1 Fig. 2 

Fig. 1. Time curve for hydroxamic acid formation. 7.8 mg. of pH 5 enzj-me were 
incubated with 1.2 mmoles of NH-OH, 10 pmoles of MgKi ATP, and 2 pmoles of each 
of twelve amino acids in a volume of 1 ml. at 37°. O, without amino acids; • , with 
amino acids. 

Fig. 2. Relation between hj'droxamic acid formation and hydrox 3 ’laniine con- 
centration. 11.6 mg. of pH 5 enzyme were incubated at 37° for 60 minutes with 10 
iimoles of MgKi ATP, 2 ;imoles of each of twelve amino acids, and varying amounts 
of NH-OH, in a volume of 1 ml. O, without amino acids; • , with amino acids. 

amic acid formation are less than one-tenth of the values obtained in the 
presence of amino acids (see Figs. 1 and 2 ). 

Stoichiometry of Pyrophosphate and Amino Hydroxamic Acid Formation — 
It is possible to show good stoichiometry for hydroxamic acid formed, 
labile phosphate lost, and orthophosphate or pyrophosphate accumulated. 
Because of the high p3Tophosphatase activity of the preparation, at 
optimal magnesium concentrations all pyrophosphate formed is converted 
to orthophosphate, and therefore 2 equivalents of phosphate are formed 
for every mole of hydroxamic acid formed. However, b3’- adding fluoride 
or, as is illustrated in Fig. 3 , reducing the Mg^ concentration, pyrophos- 
phatase can be completely mhibited, while the activation 0117300063 retain 
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some activity. Under these conditions, pyrophosphate accumulates in an 
amount equal to the amount of hydroxamic acid formed. At higher 
Mg++:ATP ratios, it can be seen that the orthophosphate divided bj'' 2 
plus the p5''rophosphatc equals the h5'droxamic acid formed. Thus it ivas 
established that pyrophosphate is indeed the product of the reaction. 

Reaction in Absence of Acceptor — There is no measurable acciimvlation of 
phosphate due to amino acids in the absence of hydroxylamine. It is worth 



Mg’** p moles/ml. 

Fig. 3. Orthophosphate, pyrophosphate, and liydroxamic acid formation as a 
function of Mg++:ATP ratio. 2 /tmoles of each of twelve amino acids, 1.2 mmoles of 
NH 2 OH, and 7 mg. of pH 5 enzyme in 1 ml. were incubated for 60 minutes. ATP 
was held constant at 10 ^imoles and MgCh Avas varied as indicated. (Other experi- 
ments reveal that with Mg++:ATP below 0.1 the PP and hj^droxamic acid are equal 
and decrease with decreasing Mg''^:ATP.) These data are from one of three similar 
experiments. 

restatement at this point that AMP inhibits neither the exchange nor the 
hydroxamic acid formation and, more important, that C^^-labeled AMP 
fails to exchange with ATP under conditions in wMch PP®--ATP exchange 
is vigorous. Furthermore, as would be expected from equilibrium con- 
siderations, NH2OH markedly inhibits PP^^-ATP exchange. 

Although the above eiudence indicates that the activated amino acid 
and AMP are bound to the enzyme in the absence of an acceptor, some 
attempt has been made to detect a trace of free AMP amino acid com- 
pound. Five C^Mabeled amino acids (leucine, glycine, valine, isoleuchic, 
phenylalanine) were incubated with ATP and the enzyme preparation. 
The products of the reaction, after deproteinization, were then adsorbed on 
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charcoal at pH 4.0. After six washings with buffer and inert amino acids, 
the charcoal was boiled for 60 minutes with G x HCl. These conditions 
would split the ribose from AIMP and thus release an 3 ^ bound C'^-amino 
acids into the supernatant solution. There was, however, no greater 
radioactivitj' released than in controls in which the cnz 3 'me was heated, 
jMg was omitted, or adenosine diphosphate replaced ATP. 

Separate Activation of Naturally Occurring i,-Ainino Acids — Both PP- 
ATP exchange and hj'droxamic acid formation are dependent upon L-amino 
acids. The d isomers are inactive and do not inhibit the activation of the 
L isomers. The extent of hj’’droxamic acid formation and exchange pro- 
duced bj' a number of amino acids are reported in Table I. It can be seen 

Table I 

Hydroxamic Acid Formation and PP-ATP Exchange with Amino Acids 


E.vchange was measured bj’ incubating 4 mg. of pH 5 enzjTne with 5 ;:moIes of 
ATP, 1 jumole of Mg++, and 4 /imoles of PP (containing 280,000 c.p.m.) in 1 ml. for 8 
minutes at 37°. H 3 'droxamic acid formation was determined after incubating 9.7 
mg. of protein with 10 /imoles of Mg ATP, 1.2 mmoles of XHjOH, and the amino 
acids indicated in a volume of 1 ml. for 50 minutes at 37°. 

that in both reactions the effect of inditddual amino acids is additive. 
Indeed, even at high concentrations, there is no evidence of competition 
between amino acids for actuation sites. Two further points to be noted 
are (1) the great difference in activity for the various amino acids and 
(2) the fact that there is no parallelism between hj’^droxamic acid forma- 
tion and exchange. 

Methionine- Activating Enzyme — ^During earlier attempts to fractionate 
the soluble protein fraction with ammonium sulfate, a peak of activitj’’ for 
hj'droxamic acid formation with the gi-oup of twelve amino acids was 
found between 35 and 45 per cent saturation. However, when the amino 
acids were tested individuallj^, methionine accounted for essentiallj^ all of 
the activity. Table II show's that this ammonium sulfate fraction cata- 
Ij'zes the conversion of methionine to methionine hj’^droxamic acid with 


Amino acid, 5 pmoles each 


Per cent CTchangc 


Trj-ptophan. 

Leucine 

Alanine ... 
Lj'sine. . . . 
Valine 



Hydroxamic acid 
formed 

tifftoUs 

1.1 

1.0 

0.7 

0.3 

0.1 

3.0 
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concomitant production of approximately 2 orthophosphate equivalents. 
It should be noted that at the lower Mg++ concentration pyrophosphatase 
is inhibited and p 3 a’ophosphate accumulates as the product. This fraction 


Table II 

Methionine Carboxyl Activation by Ammonium Sulfate Fraction from Rat Liver 

Soluble Protein Fraction 



Products formed 

Hydroxamic 

acid 

p 

PP 

P/2 + PP 

1 

fimohs 

Itmoles 


Mmoles 

10 jumoles Mg++ 





No methionine 

0.1 

3.8 



5 /xmoles methionine 

2.1 

6.5 



A 

2.0 

2.7 


1.6 

4 ftmolea Mg++ 

1 


1 


No methionine 

0.2 

2.0 

0 


5 yamoles methionine 

Warn 

3.4 

0.7 


A 

■■ 

1.4 

0.7 

1.4 


3.5 mg. of protein were incubated at 37° for 50 minutes with 10/jmoles of ATP, 10 
or 4 /tmoles of and 1.2 mmoles of NHjOH. Methionine hydroxamic acid was 

used as standard. 


Table III 

Nucleotide Specificity of Activation Systcin 


Nucleotide added 

Hydroxamic acid formed 


Mmole 

ATP 2.5 jamoles 

0.79 

CTP 2.0 “ 

0.1 

UTP 2.5 “ 

<0.1 

ITP 2.5 “ 

<0.1 

GTP 2.5 “ 

<0.1 

None 

0 


4.6 mg. of the pH 5 enzyme were incubated at 37° for 60 minutes with nucleotides, 
1.2 mmoles of NHsOH, and 24/imoles of twelve amino acids. 


also catalyzes a methionine-dependent PP^^-ATP exchange. The methio- 
nine hydroxamic acid has been identified by paper chromatography. 

Nucleotide Svecificity— 'Further progress in delineating the components 
of the amino acid incorporation system (9) has revealed that the washe 
pH 5 enzyme, when combined with crystalline ATP and microsomes tha 
have been centrifuged out of a diluted 15,000 X g supernatant solution, 
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no longer catalyzes incorporation of amino acids into protein. If the 
system is supplemented ^\'ith GDP or GTP, however, acti\'ity is restored. 
The nucleotide is ineffective in the absence of ATP, and other nucleotides 
will not replace the guanosine derivatives. Thus it was of great interest 



Fig. 4. Activitj' of three isoelectrically precipitable protein fractions toward five 
amino acids. 5 ^moles of each amino acid were incubated with from 3 to 7 mg. of 
protein of each fraction. The fractions were prepared by adding 0.1 x HCl slowly 
with vigorous stirring to rat liver supernatant fraction containing about 20 mg. of 
protein per ml. until the desired pH (by glass electrode) was reached. The precip- 
itate was collected at 15,000 X g and redissolved in 0.1 m Tris buffer, pH 7.6. All 
operations were performed as rapidly as possible at 0°. A number of other isoelec- 
tric fractions of this kind produced similar distribution of acthdty. 

to determine whether GDP or GTP is required for amino acid activation. 
The washed pH 5 enzjTne was found to be fully active in the amino acid- 
dependent PP-ATP exchange with ciy^stalline ATP and twelve n-amino 
acids, and GDP was found to have no effect on the exchange. In addition 
GTP cannot replace ATP as the source of energj^ for activation of the 
group of twelve amino acids tried (Table III). 

Further Fractionation of pH 5 Enzyme — ^To determine whether separate 
enzjmes mediate the activation of indh’idual amino acids, several iso- 
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electrically prccipitable fractions were tested for their activity toward a 
representative group of amino acids. Fig. 4 is typical of a number of 
such experiments. It can be seen that there is indeed a clear-cut difference 
in activit3'’ of the fractions toward the amino acids tested. There would 
appear to be separation of activity for leucine in the fractions obtained at 
pH 6.2 to 5.8. This would indicate that a separate protem mediates the 
activation of leucine. In another experiment, activity for alanine was 
also separated by isoelectric precipitation. With use of two of these 

Table IV 

Hijdroxylamine Inhibition of Incorporation of i,-Lcucine-C^* into Protein 


The figures are in counts per minute per mg. of washed protein determined as 
described previously (1). 


Hydroxylamine 

1 

ATP precursors 

Phosphoenolpyruvate, 10 
/imoles per ml. 

Phosphocreatine, 20 #imoles 
per ml. 

Carbamyl phosphate* 10 
^moles per mh,and kinasej 

mmoies per ml. 




0 

79 

88 

87 

0.05 

70 


57 

0.2 

48 

35 

36 

0.6 

27 

22 

22 

1.2 

15 

1 

14 

11 


Each flask contained, in a final volume of 1.0 ml., 0.1 yumole of L-leucine-l-C*'* 
82,000 c.p.m. (supplied b}'- Dr. R. B. Loftfield), 0.7 ml. of supernatant fluid (with 
15.5 mg. of protein) centrifuged at 15,000 X ff from a rat liver homogenate prepared 
as described under “Experimental.” The incubation time was 10 minutes at 37 
under 5 per cent 002-95 per cent N 2 . 

* Kindly provided by Dr. L. B. Spector. 

t A crude Streptococcus faecalis R extract, 0.2 mg. of protein per flask, supplied 
the necessary carbamate kinase. The e.xtract was a gift from Dr, M. E. Jones. 

fractions, one active for leucine and the other for alanine, it has been 
possible to demonstrate the appearance on paper chromatograms of FeCls- 
reacting spots indistinguishable from known leucine and alanine hydrox- 
amic acids respectively. Preliminary studies on heat inactivation of the 
pH 5 enzyme also point to separate activating enzymes. 

Hydroxylamine Inhibition of Incorporation of C^^-Amino Acid into Pto- 
— The fact that the pH 5 enzyme preparation which produces ammo 
acid activation by forming enz3mie-bound amino acyl AMP complexes 
is also required for the incorporation of C“-amino acids into protein in 
the cell-free system from liver suggests that this activation may be the 
first step in the mcorporation reaction. Another suggestive piece 0 
evidence is that the incorporation is inhibited by hydroxylamine (Tab c 
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IV) and that the inhibition roughlj* parallels the amino h3'droxamic acid 
formation rvith increasing concentration of h3"dro\y]amine. Table 11 ’ 
demonstrates that the inhibition is the same regardless of which of three 
different ATP generating s3’stems is used. 

DISCUSSION 

The data presented in the foregoing support a lypothesis for amino 
acid activation which is Echematicall3' presented in Pig. 5 . The E, group 
of the amino acids and the adenine moiet3' of ATP would both be bound 



Fig. 5. Schematic representation of amino acid carboxj’l activation by ATP and 
the pH 5 enzjTne. Ad = adenosine. O indicates the attacking carboxyl oxj'gen 
which would remain with the nucleotide moitey upon subsequent splitting of the ac- 
tivated compound (dash line). 

b3' the specific activating enz3'me. This binding would create favorable 
conditions for a cleavage of ATP b3'' an attack of the carbox3d ox3'gen 
upon the stable phosphate of ATP and ejection of the p 3 Tophosphate. 
The bond energ3’’ would thus be retained in a carboxyl-phosphate linkage. 
The result would be an enz3Tne-bound, carbox3*l-activated, amino acid ~ 
AMP compound. IMagnesium ma3" participate in the labilizing of the 
A]\IP p3Tophosphor3'l linkage. Each activating enz3Tne or site appears 
to act independent^', forming an AA'IP compound with a specific amino 
acid, without interference from other amino acids. 

The enz3me-bound amino acid ~ AMP compound would then react 
with a natural cellular acceptor; either another nucleotide carrier or the 
nucleic acid of the microsome. The next step would be pob'peptide 
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condensation, v^iiich appears to occur in the ribonucieoprotein particles of 
the microsome fraction (10). In the present experiments the artificial 
trap, hydroxylamine, permits the removal of the activated amino acid 
and regeneration of the enzyme for recycling. In any case, the point of 
cleavage of the carbox3''l-phosphate linkage 113’^ the amine acceptor would 
leave the carboxyl oxygen on the AMP. 

The PP-ATP exchange which depends upon amino acid, the failure of 
AMP to exchange with ATP, the lack of product accumulation in the 
absence of hydroxylamine, the appearance of amino hydroxamic acids and 
pyrophosphate in the presence of h3'^droxylamine, and the evidence sug- 
gesting separate activating enzymes are all consistent wdth this scheme. 

A number of recent studies suggest that this mechanism of activation 
may be of quite general character Avhen S3mthetic reactions involve a 
P3a’ophosphate split of ATP. j\Iaas (11) has good evidence that the 
activation of pantoate for s3mthesis of pantothenate proceeds by an iden- 
tical mechanism. Berg (12) has showm that the activation of acetate 
involves the initial formation of an acetyl AMP compound. Evidence 
for the existence of an AMP ~ CO2 compound has been presented (13). 
Hilz (14) has observed the possible occurrence of an AMP ^ sulfate 
compound in a system in which ATP supplies the energy for sulfate activa- 
tion. The ATP-dependent S3mthesis of benzo3d coenz3me A in hippuric 
acid S3mthesis seems to involve a p3Tophosphate split of ATP (15). Fi- 
nally, an amino acid-dependent PP-ATP exchange has been found in a 
variety of microorganisms (16). The present studies support the sugges- 
tion made by Lipmann 15 3''ears ago (17) that the phosphate bond energ}' 
of ATP might be used for carboxyl activation of amino acids. 

The extent of dissociation of the acyl AMP compound from the 
specific enzyme seems to ^mry considerably in the different S3’^stems de- 
scribed above. It appears that, at least in the present system, dissocia- 
tion of the AMP amino acid compound from the enzyme is of such 
small extent that its free existence has thus far not been demonstrated. 
The interesting observation (Table I) that there is no parallelism between 
hydroxamic acid formed and PP-ATP exchange suggests that the ammo 
acids differ not only in the rate at which tliey are activated (as measured 
by rate of exchange) but also in the extent to which the activation site is 
accessible to hydroxylamine (as measured by h3'-droxamic acid formation). 

The stabilit5'' properties and fractionation characteristics of this ammo 
acid activation system closed" parallel those of the soluble enzyme prep- 
aration required for incorporation of labeled amino acids into microsome 
protein. The inhibition of incorporation by h3^droxylamine is also sugges- 

tive. . . . , 

The rate of incorporation of leucine into Avhole liver protein w rivo • ^ 
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been estimated as at least 5 pmoles per gm. of protein per hour (3). In 
1 gm. of liver protein there are about 400 mg. of soluble protein fraction 
which can form about 13 /imoles of leucine hydroxamic acid per hour. 
This compares favorably with the figure for incorporation in vivo. 

The fact that the activation of the amino acids so far tested is specific 
for ATP and is uninfluenced by GTP suggests that the requirement for 
the latter nucleotide in the incorporation of amino acids into protein is at 
a stage following amino acid activation. 

It is of interest that methionine can be activated at the carboxyl group 
by an ammonium sulfate-precipitable enzjTne. Since this fraction is 
similar to one described by Cantoni (18) which contains the enzjunes that 
synthesize adenosylmethionine from ATP and methionine, it is conceivable 
that carboxyl activation of methionine might be an intermediate stage in 
adenosylmethionine S3Tithesis. 


SUMMARY 

An enzjTne preparation obtained from the soluble protein fraction of 
rat liver by precipitation at pH 5.2 to 5.1 has the following properties. 

1. It catalyzes an exchange of PP“ with ATP which is essentiallj’’ l- 
amino acid-dependent. The exchange is dependent both on the concen- 
tration and the number of amino acids added. 

2. When incubated with ATP, a mixture of L-amino acids, and a high 
concentration of hydroxjdamine, hydroxamic acid is produced. The 
hydroxamic acids of leucine and alanine have been identified bj’’ paper 
chromatography. At the optimal Mg^ concentration, 2 moles of ortho- 
phosphate are formed per mole of hj’-droxamic acid. At low Mg^ concen- 
trations, 1 mole of pyrophosphate is formed per mole of hj^droxamic acid, 
and no orthophosphate appears. No products appear in the absence of 
hydroxylamine. 

3. In all cases D-amino acids are inert. 

4. Hydroxylamine inhibits PP-ATP exchange. 

5. Pre limin ary fractionation and heat inactivation studies suggest that 
separate enzymes are involved in the activation of several amino acids. 

Incubation of a 35 to 45 per cent ammonium sulfate fraction of the 
soluble protein fraction of rat liver with methionine, ATP, and a high con- 
centration of hydroxylamine leads to the formation of methionine hj^- 
droxamic acid. Other amino acids are not activated by this or other am- 
monium sulfate fractions. 

The relation of these reactions to the activation of amino acids for 
protein synthesis is discussed. 


The authors wish to thank Dr. Joseph C. Aub and Dr. Fritz Lipmann 
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for advice and encouragement, and Miss Marion Horton for valuable 
technical assistance. 
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THE PREPARATION ON A jMICROGRAIM SCALE OF SOAIE 
DERH’ATRRS OF ^ALDOSTERONE: THEIR USE 
IN REAPER CHROMATOGRiAPHY 

Bv VERNON R. AIATTOX, HAROLD L. IMASON, and 
A. ALBERT 

(_From the Section of Biochemistry and the Endocrinology Laboratory, Section of 
Physiology, Mayo Clinic and Mayo Foundation,* Rochester, Minnesota) 

(Received for publication, May 26, 1955) 

In order to identify a substance bj' means of paper chromatography it is 
highl}' desirable to compare tlie running rates of as man}’' of its derivatives 
as possible tvith the runnhig rates of comparable deri\'atives of known sub- 
stances. AATien onh' microgram quantities are available, the preparation 
of derivatives in good jdeld often presents a problem. It is the primary 
purpose of this communication to describe the preparation of three deriva- 
tives of aldosterone on a microgram scale and their use to establish the 
identity of two preparations of crystalline aldosterone and the identity of 
aldosterone isolated from the “amorphous fraction.” Some bioassa}’’ data 
are also included. 

Aldosterone (147 y) was acetylated to give 50 y of cr 3 ’stalline 21-acetate, 
m.p. 193-195°. Simpson and associates ( 1 ) reported the melting point as 
198-199°; Ham and associates (2) gave 193-196.5°. Another monoacetate, 
m.p. 217-219°, was described in previous publications (3, 4). This acetate 
now must be regarded as the 18-acetate of the 11,18-lactol structure of 
aldosterone. 

The 18,21-diacetate, prepared from 1.6 mg. of aldosterone, could be ob- 
tained only in the form of discrete pellets in which a ciy’stalline stnicture 
could not be discerned. They melted at about 80°. Simpson and associ- 
ates ( 1 ) gave a melting point of about 70° for the diacetate. These prepa- 
rations were used for comparison with corresponding preparations derived 
by similar means from a few micrograms of aldosterone. 

In a bioassay the actmty of the 21-acetate could not be distinguished 
from that of aldosterone (Fig. 1). Similar results were reported bj’ Hsm 
and associates (2); Simpson and associates (1) found 1 7 of aldosterone 
equivalent to 1.25 7 of aldosterone 21-acetate. Preliminar}'- assa 3 's (3, 4 ) 
of the 18-monoacetate indicated an actmt}'^ about 25 times that of deox}’’- 
corticosterone acetate, but additional assa}^ showed that that factor should 
be reduced to about 15. The activit}-- of the 18,21-diacetate proved to be 

* The Mayo Foundation, Rochester, Minnesota, is a part of the Graduate School 
of the University of Minnesota. 
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about 0.01 that of aldosterone or about equal to that of deoxycorticosterone 
acetate. 

Aldosterone 21-acetate was oxidized to a neutral substance regarded as 
aldosterone-1 1,18-lactone 21-acetate (5). Bioassay of this substance 
showed no sodium-retaining activity at a level of 0.50 7 per rat. 

One of the preparations of aldosterone (81 7) was kindly furnished by 
Professor Reichstein for direct comparison with the preparation of Mattox 
and associates (3,4). Tliis material was divided into five parts. One part 
■was assa3'’ed in adrenalectomized rats as previously described. It proved 



Fig. 1. Assay of adrenal cortical hormones in adrenalectomized rats. Each point 
represents results obtained with five animals. 

to have the same activity as our substance within the limits of the assay 
procedure; that is, approximately 100 times the acthdty of deoxycorti- 
costerone acetate. The assay values are plotted in Fig. 1. 

Equal amounts of our substance and that from Reichstehi were chromato- 
graphed on paper in both the toluene-propylene glycol and benzene-forma- 
mide systems of Zaffaroni and Burton (6). Cortisone was included for 
comparison. The 21-monoacetates and the diacetates were prepared and 
chromatographed in formamide with 1:1 cyclohexane-benzene. ll-Be- 
hydrocorticosterone and its acetate were included in the respective chro- 
matograms. It is evident from Fig. 2 that the two samples moved at the 
same rate in toluene-propylene glycol and at the same rate in benzene- 
formamide, although the mobility with respect to cortisone was different 
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in the two solvent systems. The monoacctates of the two samples moved 
at identical rates, and also the diacetates of the two samples had identical 
mobilities. Prc.‘;innably the small areas near the origin in the chromatog- 
raphy of aldosterone 21-acetate are due to unacet\'lated aldosterone. 
These results are considered to establish firmlj' the identit)' of the two prep- 
arations. 


PAPER CHROMATOGRAPHY OF 
CORTISONE AND TWO SAMPLES OF 
SODIUM-RETAINING SUBSTANCE 



PROPYLENE FORMAMIDE- 
GLYCOL-TOLUENE BENZENE 
TIME. 70 HOURS TIME 69 HOURS 


PAPER CHROMATOGRAPHY OF 
ACETATES OF TWO SAMPLES OF 
SODIUM-RETAINING SUBSTANCE 



FORMAMIDE V/ITH 11 BENZENE- 
CYCLOHEXANE 

TIME: 57 HOURS TIME: 7 HOURS 


Fig. 2. Chromatographj' of adrenal hormones and derivatives. Each sample 
represents 19 -y of steroid. E = cortisone, X = aldosterone, A = 11-dehydrocorti- 
costerone, Ac = acetate. = 1.31 indicates that X moves 1.31 times as fast as 
E. In each chromatogram our sodium-retaining compound is shovn in the right 
column. 


An amorphous fraction (7) of an extract of 630 pounds of adrenal glands 
was prepared by the laborious procedure of successive distributions between 
benzene and water and crj^stallizations. Since most of the activitj' was lost 
during the preparation, the amount of aldosterone isolated from this amor- 
phous fraction has little significance. The amorphous fraction was chro- 
matographed several times and an amorphous product was isolated. It 
was identified as aldosterone by bioassay as the free substance and as the 
21-acetate, by its chromatographic mobility^ in two solvent sj-stems, and bj-^ 
the chromatographic mobilities of its 21-acetate and its 18,21-diacetate. 
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EXPERIMENTAL 

V Chromatographic Procedures — Filter paper (Whatman No. 1, “special for 
chromatograph}'’”) was washed b}’’ immersion in 95 per cent alcohol for a 
week with a change of soh'^ent every 2 days. It was then rinsed twice ■with 
benzene and allowed to dry. For impregnation with the stationary phase, 
the paper was drawn through a freshi}'’ prepared 1 : 1 mixture of methanol 
and the stationary phase (propylene glycol or formamide), then hung from 
a glass rod, and allowed to dry for 1.5 hours. At this time the steroids 
were applied along a line 10 cm. from the narrow edge of the paper, with a 
2.5 to 3.0 cm. space separating the individual compounds or fractions. At 
the end of 2 hours from the time the paper was impregnated, it contained 
about 49 per cent of its ■weight of stationary phase. At this time it was 
placed in a clu’omatography jar, and the chromatogram Avas developed Avith 
the mobile phase AA'hich had been saturated AA'ith the stationary phase. 
When the solvent front Avas to floAV off the paper, the bottom edge of the 
paper Avas pinked to give pointed edges at 2 cm. intervals. 

Preparation oj Aldosterone 21 -Acetate — 11 , 20-Diketopregnane-3 Q!, 21 'diol 
Avas used as a model to study the rate of 21-acetylation, and the conditions 
AA'hich gaA'e the best yield of 21-acetate Avere then applied to aldosterone. 
To 147 7 of crystalline aldosterone in 1 ml. of glacial acetic acid AA'ere added 
1.2 ml. of a mixture of 1 ml. of acetic anhydride and 5 ml. of 3 m pyridine in 
glacial acetic acid. After 1.25 hours at room temperature, 10 ml. of chloro- 
form Avere added, then ice, and 3 ml. of n h 5 ’^drochloric acid. The mixture 
Avas shaken thoroughly, and the chloroform aa'us separated and Avashed Avith 
AA'ater, tAvice Avith a dilute solution of sodium bicarbonate, and tAvice Avith 
AA'ater. After filtration tlu’ough anhj'drous sodium sulfate (preA'iously 
Avashed Avith chloroform) in a sintered glass funnel, the chloroform was 
CA'aporated in a stream of carbon dioxide AA'hile AA'arming in a AA'ater bath. 
After addition and removal of a small portion of methanol, the residue aa'ss 
moistened Avith a small drop of acetone, and 0.2 ml. of dry ether was added. 
Crystals formed; after refrigeration the solvent AA'as remoA'’ed Avith a capil- 
lary pipette, and the crystals AA'ere AA'ashed AA'ith a feAV drops of dry ether. 
The crystals Avere dissolved in a small drop of acetone. Addition of 3 drops • 
of ligroin and refrigeration gave crystals (50 7 ) Avhich melted at 193-195 
(Fisher- Johns). The same conditions as those just described AA-ere applied 
to the smaller amounts aA'ailable from Professor Reichstein and from the 
amorphous fraction. 

Wlien chromatographed on paper in formamide Avith 1 : 1 cyclohexane- 
benzene, the 21-acetate moved 0.082 times as fast as aldosterone diacetate 
and at 0.51 times the rate of ll-deh 3 'drocorticosterone. In formamide-1 : 1 
benzene-cyclohexane, aldosterone 21-acetate moved 0.69 times as fast as 
aldosterone-11 , 18-lactol 18-acetate, m.p. 217—219 . 
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Aldostcro 7 ic Diacclalc — Aldosterone (1.0 nig.) ivas treated with 4 drops of 
acetic anhj’dride and 4 drops of pyridine. After 20 hours the pjTidine and 
acetic anhj’dride were removed in a stream of carbon dio.xide. Alethanol 
was added and removed twice. After unsuccessful attempts to ciystallize 
the material from dr^- ether and ether-petroleum ether, it was dissolved in 
1.5 ml. of hot petroleum ether. On cooling, small .«olid balls separated on 
the walls of the tube; no crystalline stnicturc could be seen under a micro- 
scope. The solid melted graduallj', becoming liquid at about 80°. 

Oxidation of Aldosterone 21-Acctatc to 11 ,lS-Lactonc 21-Acctatc — A solu- 
tion of 59 7 of aldosterone 21-acetate in 1 drop of acetic acid was cooled to 
13° and treated with 1 drop of a solution of 1 gm. of chromium trio.xide in 
1 ml. of water and 99 ml. of glacial acetic acid, also cooled to 13°. After 
10 minutes at this temperature, 0.5 ml. of water and 5 ml. of ethj’l acetate 
were added. The ethjd acetate was separated, washed twice with 0.5 ml. 
of water, and evaporated to drjmess in a stream of carbon dioxide. A blank 
was carried through this procedure which had been shoM-n to convert corti- 
costerone acetate to 11-dehj'drocorticosterone acetate in good jneld. The 
products of the oxidation were transferred with the aid of 1 : 1 chloroform- 
methanol to paper impregnated with formamide, and the cliromatogram 
was developed for 22 hours nith 1:1 C5’clohexane-benzene saturated with 
formamide. The lactone moved 2.2 times as fast as aldosterone 21-acetate. 
The lactone from the 59 y of aldosterone 21-acetate was eluted nith alcohol. 
The alcohol was removed and the residue dissolved in 50 ml. of chloroform. 
Formamide was washed out with three 5 ml. portions of water, the chloro- 
form was removed, and the ultra\'iolet spectrum determined in 5.0 ml. of 
methanol. The optical density at 238 m^x, corrected for the absorption of 
the blank, indicated the presence of 49.6 y of lactone. 

Aldosterone from Amorphous Fraction — ^An aqueous solution of the amor- 
phous fraction was taken to drjmess and chromatographed on a 1.8 X 50 
cm. column which contained 60 gm. of 100 mesh silica gel (Daiison) im- 
pregnated with 30 ml. of propjdene glycol; propylene glycol-saturated tolu- 
ene was used as the mobile phase. Fractions of eluate were collected ever}' 
12 hours, the rate of flow being about 10 ml. per hour. Fraction 17 con- 
tained the peak concentration of cortisone. Fractions 14 to 19 (which 
represented the eluate of 1476 to 3138 ml.) were combined, and the solvent 
was removed. One-half of the residue was chromatographed on paper 
(35 cm. vide) in formamide-benzene for 96 hours. The area corresponding 
in mobility to aldosterone was eluted and chromatographed in the same 
system on a 3 X 56 cm. strip of paper. The main band moved 0.73 times 
as fast as cortisone. Bioassa 3 ’ indicated the presence of 57 y of aldosterone. 
Chromatography on paper in propylene glycol-toluene for 95 hours gave an 
ultra\iolet-absorbing zone which had moved at the same rate as aldosterone. 
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The material rvas recovered and converted to the 21-acetate, as previously 
described. The 21-acetate was cliromatographed on paper in formamide 
with 1:1 cyclohexane-benzene for 04 hours. The zone at 12.4 to 15.5 cm. 
from the origin had moved at, the same rate as aldosterone 21-acetate and 
0.52 times as fast as ll-dehydrocorlicostcrone. The extinction of the 
eluted sample, corrected witli an appropriate blank, indicated the presence 
of 42 7 of aldosterone 21-acctate. In tlie bioassay the compound was ap- 
proximately 100 times as active as deoxycorticosterone acetate and there- 
fore as active as aldosterone. The diacetate of the material from 
the “amorphous fraction” was prepared as described for crystalline aldos- 
terone and chromatographed on paper with authentic aldosterone diace- 
tate for comparison. The procedure was the same as for aldosterone 21- 
acetate except that the time of development was only'’ 6 hours. The 
running rate of the diacetate from the amorphous fraction was identical 
with that of aldosterone diacetate and was 0.82 times that of 11-dehydro- 
corticosterone acetate. 


SUMMARY 

Small scale preparation of aldosterone 21-acetate, 18, 21-diacef ate, and 
11 , 18-lactone 21-acetate and their use in the paper chromatographic identi- 
fication of aldosterone have been described. With the aid of these deriva- 
tives as well as by comparative bioassay^s, the identity of the preparations 
of Simpson and associates and of Mattox and associates was demonstrated. 

We wish to acknowledge the technical assistance of Robert C. Smith, 
Louise Reichrath, Elizabeth Ford, and Lore Silver. 
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ACYLOIN CONDENSATION REACTIONS OF PYRWIC 

OXIDASE* 


By ELLIOT JUNI and GLORIA A. HEYM 

(From the Department of Bacteriology, University of Illinois, Urhana, Illinois) 

(Received for publication, March 14, 1955) 

Almost all enzjTnes capable of decarboxylating pjTuvate have been 
shown to catalj'ze DPT^dependent condensation reactions jnelding ac}!- 
oins such as AJS'IC (1-7). Recent work of Schweet and coworkers (8) 
has demonstrated that in animal tissues these condensations are due to the 
actmty of pJ^Tl^^c o.xidase. Purified preparations of pyru\ac oxidase from 
pigeon breast muscle have the same ratio of acjdoin formed to pyruvate 
oxidized as do crude homogenates. In preparations of a-carboxjdase from 
wheat germ there is a constant ratio of decarboxjlation to AAIC synthesis 
throughout a 2700-fold purification (5), and the different actmties have 
identical requirements for DPT and a metallic ion. 

Preparations of animal pyru-vde oxidase can utilize diacetyl as an ana- 
logue of pjTuvate. Schweet and coworkers (8) have shown pjTUvic oxi- 
dase to be identical vith the diacetyl mutase first described by Green and 
coworkers (9). Studies in this laborator 3 ’- have revealed a new pathway 
for the bacterial dissimilation of diacetyl (10). In this sj’-stem diacetyl is 
quantitatively converted to acetic acid and diacetjdmethjdcarbinol (Equa- 
tion 1) in a reaction similar to that invohdng the formation of a-acetolac- 
tate from piumvate bj-- AMC-producing bacteria (Equation 2). 

O OH 

II I 

2CH,COCOCH, + H:0 CH, — C — C— CHj + CH 3 COOH 

( 1 ) 1 

c=o 

I 

CH, 

This finding led to a reinvestigation of the condensation reactions in animal 
tissue. DAMC, in addition to AMC, was found to be produced from di- 
acetyl by both animal and bacterial pyruvic oxidase preparations. When 
pyruvate was the substrate, both AMC and a-acetolactate were the con- 
densation products formed. With diacetyl or pjonivate as substrate, 

* Aided by grant No. G-4 of the National Science Foundation. A summary of 
this work has been reported previously (1). 

* The following abbreviations are used: DPT, diphosphothiamine; AMC, acetyl- 
methylcarbinol (acetoin); DAMC, diacetylmethylcarbinol. 
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AMC formation occurred as a conscrjiicncc of free acetaldehyde production 
by these enx3’-me preparations. 

Methods and Materials 

The pigeon lireast muscle preparations were made according to Jagan- 
uathan and Schweet (IJ). In most experiments relatively crude fractions 
(Fractions 1 and 2) Avei'c used. The pig licart carboxylase was prepared 
bj'' the method of Green and coworkers (4). Escherichia coU (Crookes 
strain) was grown in the dismutation medium previously described (12) 
and the cells were harvested with a Sharpies centrifuge after 19 to 22 hours 
of growth at 30° with forced aeration. Tlie cells were resuspended in twice 
their volume of water and subjected to sonic \'ibration for 40 minutes with 
a Raytheon 10 kc. oscillator. The sonicate was then centrifuged at 
25,000 X ff for 30 minutes and the precipitate discarded. a-Acetolactic 
decarbo.xylase was prepared from extracts of Acrohacter aerogenes (12). 

In tests for condensation products other than a-acetolactate, reaction 
mixtures were generall}'’ deproteinized b}'' placement of the contents of a 
reaction flask, together with several washings of the same flask, in a cen- 
trifuge tube containing 0.5 ml. of 10 per cent trichloroacetic acid. The 
precipitated protein was removed by centrifugation and the supernatant 
fluids made to volume, usuallj’- 10 ml. Zinc hydro.xide precipitation (13) 
was used when a-acetdlactate was present. For determination of volatile 
acid as well as condensation products, 5 per cent sulfuric acid was used in 
place of trichloroacetic acid. Acetic acid was determined after steam dis- 
tillation by titration to pH 7.0, AMC ly the methods of Westerfeld (14) 
and Desnuelle and Naudet (15), diacetjd according to Prill and Hammer 
(16) and White and coworkers (17), pyruvate by decarboxylation with 
yeast carboxylase, and acetaldehyde according to Stotz (18). a-Acetolac- 
tate does not produce a color Ij'^pical for acjdoins in the Westerfeld proce- 
dure (14). However, acidification of a solution of a-acetolactate results 
in its rapid decarboxylation to AMC (12). Thus application of the Wos- 
terfeld test to samples before and after treatment with dilute acid permits 
the determination of a-acetolactate. 

Sodium pyruvate was prepared by neutralizing distilled pyruvic acid 
with sodium bicarbonate in the cold, DPT Avas obtained from the Nutri- 
tional Biochemicals Corporation, and yeast carbo.xylase Avas prepared by 
an unpublished method. 

In the chemical synthesis of DAMC, methylacetylacetone (19) Avas oxi- 
dized with lead tetraacetate and the aceto.xymethjdacetylacetono Avas hj- 
drolyzed to DAMC and acetic acid. Thus the method AA-as similar to that 
described by Krampitz (20) for synthesis of a-acetolactate from mcthA ' 
substituted ethyl acetoaectate. A yield of 25.2 gm. of acetoxymet ly - 
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acetylacetone was obtained from 74.5 gm. of methjdacetjdacetone. Final 
purification was accomplished by fractional distillation at 72-80° at a 
pressure of 5 to 6 mm. Water solutions of DAjMC were obtained bj' hy- 
drolysis of the acetoxy compound in 0.3 x sulfuric acid at room temperature 
for 1 week. Alkaline hydrolj’sis was avoided since DAIMC is unstable 
under these conditions. In Table I is given the acti\dty of DA]\IC in 
various chemical tests for ac 5 ’loins, and the reactivity of DAINIC vith that 
of AiSIC, diacetj’l, and 2,3-butanediol, compounds generalW present in 
sj’^stems forming DAINIC, is compared. 

T.\ble I 

Methods for Determining Acyloin Condensation Products and Related 

Compounds 


The figures in the table represent equivalents in the given method for the various 
compounds when compared with the reaction obtained with an equivalent of the 
compound for which the test was originally devised. 


Method 

AMC 

i 

D.VlIC 

Diacetj’I 

2 , 3 - 

Butanediol 

Vesterfeld ( 14 ) ... 


1.0 

1.0 

0 

White et al. ( 17 ) . . 

0 


1.0 

0 

Prill and Hammer ( 16 ) 



1.0 

0 

CHjCOOH after HIO4 oxidationf . 


3.0 

2.0 

0 

CHjCHO after HIO4 oxidationf. . 

1.0 


0 

2.0 


* No reaction occurs without NH-OH for DAMC; NH-OH is not required for 
the determination of diacetyl, however. 

I Volatile acid determined after periodate oxidation (21). Acetaldehyde deter- 
mined after periodate oxidation according to Desnuelle and Naudet (15) without 
previous distillation. 

In order to determine the Km value for AAIC formation from pjonvate 
alone v\ith the use of the pigeon enzjme, it was necessary to use reaction 
volumes as large as 50 ml. to permit production of sufficient AAIC for assav' 
purposes. The reaction was stopped by acidification v\ith dilute sulfuric 
acid and the AAIC concentrated to 10 ml. by saturating each sample with 
(NH 4 ) 2 S 04 and distilling over one-fifth the original volume. This salting 
out procedure resulted in quantitative recov'erj’- of AMC, but destro 3 ’ed 
any diacetjd or DAMC present. Both DAiMC and AMC may be con- 
centrated by saturating vrith NaCl and distilling over one-third the original 
volume. 


Results 

Anaerobic Pyruvate Degradations by Pyruvic Oxidase Preparations— 
Under anaerobic conditions pjuuvate is quantitatively converted to AiSIC 
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and a-acetolactate by pigeon breast muscle extracts, as seen in Fig. 1. 
Both of these condensation products are formed linearly wth time. Most 
bacteria produce AMC through the intermediate formation and subse- 
quent decarboxylation of a-acetolactate (12, 22): 

(2) 2 CII 3 COCOOII -> CIl3C(OII)(COCH3)COOH -1- CO 2 

(3) CH3C(0II)(C0CH3)C00II CH 3 CIIOHCOCH 3 + COo 



Fig. 1 Fig. 2 

Fig. 1. Rate of formation of Ai\IC and a-acelolactate as a function of p}nuvate 
concentration by pigeon breast muscle pyruvic o.xidase. Each vessel contained 90 
jumoles of potassium phosphate buffer, pH 6.4, 50 7 of DPT, 0.1 ml. of 0.5 per cent 
MgS 04 , varjdng amounts of sodium pyruvate, and 0.2 ml. of pigeon breast muscle 
enzyme in a total volume of 1.6 ml. Incubation in air; 60 minutes at 30°. 

Fig. 2 . Rate of formation of AMC and a-acetolactate as a function of enzyme con- 
centration by pigeon breast muscle pyruvic oxidase. Each vessel contained 100 
jumoles of potassium phosphate buffer, pH 7.5, 50 7 of DPT, 10 ^imoles of sodium py- 
ruvate, and varying amounts of pigeon breast muscle enz 3 "me in a total volume of 1-6 
ml. Incubation in 100 per cent nitrogen; 250 minutes at 30°. 

DPT and a divalent cation such as magnesium are required for acylom 
condensation, so that an aldehyde-DPT-magnesium complex could ac- 
count for these reactions. Pyruvate could serve as the acceptor of tins 
''activated” acetaldehyde with the formation of a-acetolactate. 

a-Acetolactate cannot be an intermediate in AMC formation by mam- 
malian tissue extracts since these do not contain an a-acetolactic decar- 
boxjdase (Equation 3) (21). It has been proposed (8, 23) that AMC is 
formed by a condensation of two “activated” acetaldehyde units, eaci 
attached to a different enzyme molecule. In the presence of excess pju-u- 
vate, DPT, and magnesium, all enz 3 me molecules would appear as “acli- 
A'ated” units and the rate of AMC formation Avould be proportional to t le 
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square of the enzjTue concentration. However, our results (Fig. 2 ) show 
that the rate of AMC formation is essentiall}’’ a linear function of enz3Tne 
concentration over a 10 -fold range. 

These data can be e.xplained bj' assuming that the “activated” acetalde- 
hyde produced during pyruvate decarboxylation is, in part, converted to 
free acetaldehyde, wliich could then condense uith more “activated” acet- 
aldehj'de to give AhlC. It is well knomi that addition of free acetalde- 
h3'de accelerates the rate of p 3 TUvate decarbox 3 dation with a corresponding 
increase in the rate of AIMC production ( 4 ). The rate of formation of 
AjMC must therefore be equal to the rate of formation of free acetaldeh3'de, 
since free acetaldehyde does not accumulate as an end-product of the re- 
action. 


Table II 

Trapping Free Acetaldehyde Formed from Pyruvate by Pigeon Breast 
Muscle Enzyme 

The complete sj'stem contained 1 mmole of sodium pjTuvate, 0.5 mmole of potas- 
sium phosphate buffer, pH 7.5, 0.25 mg. of DPT, and 0.1 ml. of pigeon breast muscle 
enzj’me; final volume, 8.0 ml. Incubation for 5 hours at 30°. The atmosphere was 
100 per cent nitrogen. In Experiment A, the solution was gassed continuouslj- and 
the acetaldehj-de trapped in an ice-cold 2 per cent sodium bisulfite solution; in E.\- 
periment B, the vessel was not gassed continuouslj'. The values are given in micro- 
moles. 


1 

Experiment ' 

a-Acetolactate 

1 

AMC 

Acetaldehyde 

A 

0.63 

0.31 

0.27 

B 

0.67 

0.60 



Direct erddence for the formation of free acetaldeh3’^de is provided b3’’ 
the data in Table II. Experiment A differs from Experiment B in that 
the reaction mixture in Experiment A was continuous^' gassed b3'' a stream 
of nitrogen which was then passed through a trap containing 2 per cent 
sodium bisulfite solution. The amount of free acetaldehyde trapped cor- 
responds to the decrease in AjMC obseix'ed when compared with the amount 
of AMC formed in Experiment B, which was not continuousl3' gassed. 
The amount of a-acetolactate formed was the same in both experiments. 

Fig. 3 shows the effect of acetaldeh3’'de concentration on AMC forma- 
tion in the presence of a concentration of p 3 TTij-ic acid small enough so 
that \'irtuall3' no «-acetolactate is formed. There is a small but definite 
amount of AMC produced in the absence of added acetaldeh3'de. "With a 
sufficiently high concentration of acetaldeh3’'de there is as much as a 12 -fold 
stimulation of AMC production. The K„ for AMC formation for var3'ing 
concentrations of acetaldehyde and a fixed pjonivate concentration is 
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3.4 X 10 * M. Extrapolation of a Lineweaver-Burk plot of these data 
gives a value of 2.2 X 10'*^ ai for the concentration of free acetaldehyde 



ACETALDEHYDE CONCENTRATION - M x 10* 

Fig. 3. Rate of formation of AlVfC as a function of acetaldehj'^de concentration by 
pigeon breast muscle pj'ruvic o.xidase. Each vessel contained 6.0 ml. of 0.1 m potas- 
sium phosphate buffer, pH 6.4, 0.25 mg. of DPT, 0.5 ml. of 0.5 per cent MgS 04 , S//moles 
of sodium p 3 'ruvate, 0.1 ml. of pigeon breast muscle enzj'me, and varying amounts of 
acetaldehyde; total volume, 8.0 ml. Incubation in air; 30 minutes at 30°. 

Table III 

Formation of Racemic a-Acetolactic Acid from Pyruvic Acid by Pyruvic Acid 

Oxidase Preparations 

The basal sj'stem contained 100 /imoles of potassium phosphate buffer, pH 5.9, 
50 y of DPT, 16 iumoles of sodium pyruvate, and 0.5 ml. of pigeon breast muscle or 
E. coli enzyme; total volume, 1.6 ml, 0.3 ml. of or-acetolactic decarboxjdase, either 
initially or after the indicated times, was added. Incubation in 100 per cent nitro- 
gen at 30°. 


Experiment No. 

1 

Preparation 

Total 
incubation 
time j 

Time with 
acctolactic 
decarboxy- 
lase 

AJI C 

Acetolactate 

AMC after 
acctolactic 
decarboxy- 
lase 

1 


hrs. 

hrs. 


limolcs 

/iVtolcs 

1 

Pigeon 

3.5 

0 


4.57 

1.94 


(( 

3.5 

3.5 


2.2 

2 

U 

3.5 

0 

4.9 

5.1 

1 



3.5 

0.75 

7.4 

2.3 

2.5 

3 

E. coli 

1.75 

1 0 

0.11 

0.58 

0.29 


1 << ti 

1.75 

0.25 

0.40 

0.26 


formed from pyruvate as the only substrate. The Km value for AMC pro- 
duction from pju’uvate alone is 1.1 X 10~^ m. This compares with a value 
of 2 X 10~® M obtained by Jagannathan and Sclnveet (11), usmg the same 
enzyme to measure the oxidation of pju’uvatc. 
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The optimal concentration of pyruvate for AMC formation, in the ab- 
sence of added acetaldehyde, occurs at a level at which p3TUvate itself is a 
verj’’ poor acceptor of “activated” acetaldehj’'de (Pig- 1). The fact that 
“activated” acetaldehj'de can condense vith pjTUvate to form a-acetolac- 
tate maj’- be regarded as endence that there is a single condensing enzj-me 
involved, which is not absolutely' specific with respect to acceptors. This 
idea is supported by the fact that the a-acetolactate formed in these sy's- 
tems is a racemic mixture. As can be seen in Table III, addition of bac- 
terial a-acetolactic decarbo-xylase (12) results in decarboxydation of only 
one-half of the a-acetolactate formed when the decarbox}da.se is added 
cither initially (Experiment 1) or for onlj' a short time before the conclu- 

Table R’ 

Formation of Condensation Products at 'i’arious Stages of Purification of 
Pigeon Pyruvic Oxidase 


Each vessel contained 100 /inaoles of potassium phosphate buffer, pH 7.5, 50 -y of 
DPT, 35 /imoles of sodium pyruvate, and 0.5 ml. of the respective enz 3 'me fraction; 
total volume, 1.6 ml. Incubation for 3.5 hours in 100 per cent nitrogen at 30°. 


Purification step* 

.4MC 

Acelobctate 

1 

1 .MIC 

I Acetolactate 


fimcUs 

Mfnoles 

' 

2 

4.6 

6.1 

1 0.755 

4 

1.54 

2.46 

, 0.625 

6t 

1.36 

1.S6 

i 0.73 

6t 

2.34 

1 3.60 

0.65 


* The purification steps are those of Jagannathan and Schweet (11). 
t First precipitate fraction. 
t Purest fraction. 


sion of the experiment (Experiment 2). It has been shomi (12) that the 
bacterial a-acetolactic decarboxylase is specific for the de.xtrorotatory 
isomer of a-acetolactate. That the a-acetolactate formed with E. colt ex- 
tract is also the racemic mixture is seen in Table III (Experiment 3). 

The Km value for pyru%'ic acid obtained from a Lineweaver-Burk plot of 
the data of Fig. 1 for a-acetolactate formation is 0.017 m and compares 
with a Km of 0.037 m for the bacterial a-acetolactate-forming sj’stem (12). 
The rate of AMC formation remains essentially constant with increasing 
pjTuvate concentrations above the optimal value. The slight drop in 
AMC production may be accounted for bj' increased competition of py- 
nivic acid with free acetaldehj-de for the “activated” aldehj'de. 

According to the results in Table IV, both AMC and a-acetolactate for- 
mation are mediated by the homogeneous pyruvic oxidase from pigeon 
breast muscle, as well as bj' crude fractions from the same source. Thus 
there is no evidence that separate condensing enzymes are involved. 
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Anaerobic Diacetyl Degradations by Pynwic Oxidase Preparations — Di- 
acetyl has been shown to serve as a substrate with several pyruvic acid 
oxidases (8, 24). When it is the substrate, a mixture of AMC and DAMC 
results. The production of these condensation products as a function of 
diacetyl concentrations is presented in Fig, 4. DAMC bears the same re- 
lationship to a-acetolactate as diacetyl does to pyruvate, and the reactions 
with diacetyl are in eveiy way completely analogous to those with pyru- 
vate as substrate. AMC is apparently formed in the same manner as 



DiACETYL CONCENTRATION - MOLARITY TIME-MINUTES 

Fig. 4 Fig. 5 


Fig. 4. Rate of formation of and DAIt'IC as a function of diacetyl concentra- 
tion by pigeon breast muscle pyrutdc o.\idase. Fach vessel contained 50 /jnioles of 
sodium bicarbonate, 50 y of DPT, 0.1 ml. of 0.5 per cent MgSOj, 0.2 ml. of pigeon 
breast muscle enzyme, and varying amounts of diacetyl; total volume, 1.6 ml. Incu- 
bation for 60 minutes in 100 per cent CO 2 at 30°. The diacetyl was added after gassing 
to avoid loss due to volatilization. 

Fig. 5. Anaerobic dissimilation of diacetyl as a function of time by pigeon breast 
muscle pyruvic oxidase. Each vessel contained 60 ^moles of sodium bicarbonate, 
50 y of DPT, 0.1 ml. of 0.5 per cent MgS 04 , 57 ^moles of diacetyl, and 0.5 ml. of pigeon 
breast muscle enzjme; tot.al volume, 1.6 mi. Incubation in 100 per cent CO 2 at 30 • 


with pyruvate. DAMC is not an intermediate in AMC formation and is 
not h 3 ^drolyzed to AMC in this system. Fig. 5 presents a time curve for 
the utilization of diacetyl and the concomitant formation of condensation 
products. Further data on horv the i-atio of AMC to DAMC depends 
upon the diacetyl concentration are given in Table V. For both the 
amounts used, diacetyl Avas added directlj’’ to the reaction mixture in one 
vessel and in the other simply alloAved to distil from a side arm. lu each 
case the experiment -was continued until all the diacetyl had been used. 
When diacetyl is permitted to distil into the reaction flask so that the con- 
centration of diacetjd in the reaction mixture never becomes very great, 
the chief end-products are then AMC and acetic acid. Here the balance 
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obtained approaches that for the diacetyl mutase reaction (9) (Equation 4). 

(4) 2CH,COCOCH, + 2H:0 CH.CHOHCOCH, + 2CHjCOOH 

Under alkaline conditions diacet 3 'l rapidlj^ dimerizes (25). Thus after 
110 minutes at 38® and pH 7.5, only 38.7 per cent of the starting diacetyl 

Table V 

Effect of Diacciyl Concentration on AMC-DAMC Ratio 
Each vessel contained 50 ;imoles of sodium bicarbonate, 25 7 of DPT, 0.1 ml. of 
0.5 per cent MgSOi, 0.7 ml. of pigeon breast muscle enzj-me, and the indicated 
amounts of diacetyl; final volume, 1.6 ml. Inculiation in 100 per cent CO; for 10 
hours at 30°. 


Diacetyl 

Methc^ of 
addition* 

AMC 

D.4MC 

2 X 

(.\MC -f- D.VUC) 

.AifC 

D.\MC 


i 

^xmales 





Direct j 

3.6 

4.3 




Distilled 1 

5.9 

2.3 



50.0 

Direct j 

7.2 

16.8 



50.0 

Distilled j 

14.6 

10.7 

HU 



* See the text for details. 


Table VI 

Balance Stitdics for Degradation of Diacetyl by Pigeon Breast Mvscle 

Enzyme 

Each reaction vessel contained 400 mmoles of sodium bicarbonate, 0.25 mg. of 
DPT, 0.5 ml. of 0.5 per cent MgSO<, 3.0 ml. of pigeon breast muscle enzyme, and the 
indicated amounts of diacetyl; total volume, S.4 ml. Incubation in 100 per cent 
CO; for 12 hours at 30°. The values are given in micromoles. 


Initial diacetyl 

j Diacetyl used 

1 2 X (AMC 
+ D.«rc) 

! 1 

AilC 

1 

D.4MC 

Acetic add 

2 X (.AMC 
+ D.AMC) 



1 205.6 

24.4 

n 





362.6 

1 37.3 





remains unpohunerized. It seem.= probable that other investigator.s, un- 
aware of this phenomenon, may have experienced artifacts Avhen u.sing 
diacetjd as a substrate. This point will be discussed more ftiUj’’ below. 

Table VI gives the complete balances for AiMC, DAIMC, and acetic acid 
formation from diacetyl bj^ pigeon breast muscle enzyme. As indicated 
above, the production of 1 mole of either AiMC or DAiMC requires 2 moles 
of diacetjd. 

Experiments with Other Pyrumc Acid Enzymes — It has been seen (5, 12) 
that different py^nivate enzymes can utilize pyTUvate as either, or both, 
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donor or acceptor of “activated” aldehyde. The pyruvic carboxylase 
from pig heart (4) forms AMC and a-acetolactate from pyruvate and 
AMC, and DAMC and acetic acid from diacetyl (Table VII, Experiments 
1 and 2). A crude sonic extract of E. coli able to dismute pjTuvate to 
acetate, lactate, and CO 2 also forms or-acetolactate (Table III). In the 
presence of 0.06 jM sodium p^n-uvate, 0.7 /zmole of a-acetolactate and 7.7 
/Ltmole of CO 2 Avere formed in 1 hour at 30° with 0.5 ml. of this preparation. 


Table VII 


Action of Pig Heart and Pigeon Breast Muscle Enzymes on Pyruvate and 

Diacelyl 


Experiment 1: The reaction mixture contained 100 ^moles of potassium phos- 
{jhate buffer, pll 7.5, 25 y of DPT, 0.1 ml. of 0.5 per cent MgSO^, 28.2 ^umoles of so- 
dium p 3 'ruvate, and 0,5 ml. of pig heart enz 3 'me; total volume, 1.6 ml.; incubation for 
8 hours in 100 per cent nitrogen at 30°. Experiment 2: Each vessel contained 70 
^imoles of sodium bicarbonate, 50 7 of DPT, 0.1 ml. of 0.5 per cent MgS 04 , 100 /limoles 
of sodium pyruvate or 26.7 //moles of diacetjd, and 0.5 ml. of pig heart enzyme; total 
volume, 1.6 ml.; incubation for 4 hours in 100 per cent CO 2 at 30°. Experiment 3: 
Each vessel contained 60 //moles of sodium bicarbonate, 50 7 of DPT, 0.1 ml. of 0.5 
per cent MgSO/, 50 //moles of sodium p 3 ’^ruvate or 23.7 //moles of diacet 3 d, and 0.5 
ml. of pigeon breast muscle enz 3 'me; total volume, 1.6 ml.; incubation for 2.5 hours 
in 100 per cent CO 2 at 30°. The values are given in micromoles. 


E.xperiment 

No. 

Substr.ate 

AMC 


w!iSS&E^9i 

1 

Pyruvate 

3.1 

4.4 

7.5 

2 

(( 



2.2 


Diacetyl 

1.6 




Pyruvate -f diacet 3 'l 



1.8 

3 

Pyruvate 



4.9 


Diacetyl 

2.5 




Pyruvate -f diacetyl 



4.8 


With 0.06 M diacetyl as substrate, 1.9 /uuoles of DAMC Avere formed in 1 
hour at 30°. 

Cells of Streptococcus faecalts (strain lOCl) hat^e been found to contain a 
potent a-acetolactate-forming system in addition to an a-acetolactic de- 
carboxylase typical of most bacteria that form AINIC (22). When diacetyl 
Avas tested AAuth cell suspensions of this organism, DAMC Avas produced. 
That DAMC formation Avas here due to the presence of pyruvic oxidase, 
and not to the specific bacterial a-acetolactate-forming enz3mes, Avas indi- 
cated by the further obserAmtion that no DAMC could be synthesized from 
diacetyl Avith an a-acetolactate-forming cell-free extract from A. aerogeries, 
Avhich contains no pyruvic oxidase activity (12). After yeast carboxy ase 
dissimilation of pyruvate, no a-acetolactate could be detected, even a\' le 
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trapping agents such as sodium bisulfite and dimedon were added to re- 
move free acetaldeh3'de. Diacet^d alone was inactive as a substrate for 
the j^east enzjune but could function as acceptor of “activated” aldeh3-de, 
with the formation of DAhlC, when p3TUvate was added as the “activated” 
aldeh3’’de donor. 

Apparent Competitive Effects of "Activated” Acetaldehyde Acceptors — The 
“activated” aldeh3'de formed b3’' p3TU\’ic oxidase is normall3' further oxi- 
dized, presumabl3^ \’ia steps involving lipoic acid ( 26 ). Therefore, under 
conditions b3’- which oxidation can occur, there should be a decrease in the 
rate of formation of condensation products such as has been demonstrated 
by Schweet and coworkers ( 8 , 11 ). Our studies have confirmed these re- 
sults and also show that acetaldeh3>-de can compete with an o.xidizing S3’-s- 
tem (ferric3’’anide) for “activated” aldeh3’-de, thereb3' completely suppress- 
ing p3Taivate oxidation without impairing Ah'IC production. This ma3’- 
account for the reported inabUity of the pigeon breast muscle enz3Tne to 
oxidize acetaldehyde ( 11 ). Presumably here, too, acetaldehyde competes 
for “activated” acetaldehyde to a sufficient extent to suppress its own ox- 
idation completely. 

The importance of acetaldehyde as an acceptor could also be demon- 
strated by the effect of increasing concentrations of acetaldeh3rie on a-ace- 
tolactate formation from pyruvate with pigeon breast muscle enz3Tne. 
With a pyruvate concentration high enough to give 2.5 times as much 
a-acetolactate as AhlC from pyruvate alone (Fig. 1 ), a concentration of 
acetaldeh3’'de of 7 X 10 ~^ m was sufficient to inhibit the rate of a-acetolac- 
tate formation by 50 per cent. At 3 X 10 “^ m acetaldehyde no a-aceto- 
lactate could be detected. The effect of increasing acetaldehyde concen- 
tration on AMC formation is given in Fig. 3 . 

'iiTien pyruvate or diacetyl is the sole substrate, the concentration of 
free acetaldeh3’'de is always constant and very small, as shown above. In 
these cases increased p3Tnvate or diacet3d concentrations decreased AAIC 
formation only slightl3’' (Figs. 1 and 4 ), since these compounds are rela- 
tively poor acceptors of “activated” aldeh3rie. It should be noted that 
the specific rotation of AMC produced by a nim al carbox3dases from P3’^ru- 
vate and acetaldehyde — 84 °) is as high as that of AMC produced b3’' 
bacteria ria the decarboxylation of opticall3’- active a-acetolactate, al- 
though a-acetolactate produced by p3Tu^'ic oxidase lacks optical specificit3\ 
Schweet and coworkers ( 8 ) have made a report, which we have con- 
firmed, that pyruric o.xidase from pigeon breast muscle will preferentiall3' 
dissimilate pyruvate in the presence of both p3Tuvate and diacet3d. The 
results of our experiments with mixed substrates, however, indicate that 
DAMC rather than AIMC is the chief product formed, diacet3d acting as 
acceptor of “activated” aldeh3'-de (Table 'iTI, Experiments 2 and 3 ). The 
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amounts of AMC and a-acctolaciale formed are nearly the same or even 
Jess than with pjaiivate alone. 

pH Optima — The optimal pH for the formation of condensation products 
from pyruvate and diacctyl is approximately 6.5. The data for pyruvate 
as the substrate arc given in Fig. C. Virtually identical activity and op- 
timal pll Audues were obtained with either bicarbonate or phosphate 
buffer. 

Derivatives of DAMC — Solutions of DAMC form a derivative with 2,4- 
dinitrophenylh3’’draj5inc in the cold. Derivatirms of enzjmatically and 
chemically sjmthesized samples of DAMC were purified b}’' recrystalliza- 
tion from dioxane. The melting point of all of the products is 234-238° 



Fig. 6. Optimal pH for the formation of condensation products pigeon breast 
muscle enzyme. Each vessel contained 100 //moles of potassium phosphate buffer at 
the indicated pH, 50 y of DPT, 0.1 ml, of 0.5 per cent MgSO/, 20 //moles of sodium 
pyruvate, and 0.2 ml. of pigeon breast muscle enzjune. Total volume, 1.6 ml. Incu- 
bation in air for 1 hour at 30°. The pH of each sample was measured in a pH meter 
at the conclusion of the experiment. 

(uncorrected). Mixtures of the derivatives did not have depressed melting 
points. 

CisNsOoHts- 

Calculated. C 44.09, H 3.67, N 22.85 

Found, derivative of chemically C 44.19, H 3.83, N 22.61 
synthesized DAjMC 

Found, derivative of DAMC C 43.97, H 3.41, N 22.55 
produced by pigeon enzyme 

DISCUSSION 

Although this is the first report dealing ivith the formation of a-aceto- 
lactate from p 3 a’uvate by animal enzymes, evidence for this reaction in pig 
heart can be found in the work of Green and coworkers (4). They notec 
that an approximately 1:1 ratio of CO 2 liberated to pyruvate utilized oc- 
curred only when the initial concentration of pyruvate was not very >• 
At higher p 3 a’inmte concentrations, less than the expected amount of C : 
was liberated. This can now be explained as due lo increased formation 
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of a-acetolactate at high pjTUvate concentrations wth a consequent de- 
crease in CO 2 liberated (Equation 2). Addition of acetaldehyde to these 
latter preparations results in a 4- to 5-fold increase in the rate of CO 2 evo- 
lution (4) since the added acetaldehyde competes ver}- effectivelj^ vith the 
pyruvate as an “activated” aldehyde acceptor. It should be noted that it 
is only the net increase in acceptor resulting from acetaldeh}'de addition 
that is manifested in this more rapid COi evolution (see Fig. 3). 

Schweet and coworkers (8) have concluded that the diacetyl mutase en- 
zjTne is identical with p 3 ^^^^^c oxidase in pigeon breast muscle. The oc- 
currence of such a reaction (Equation 4) has not been substantiated bj' 
the results presented above. AAIC is actually a relatival}' minor end- 
product in this reaction when sufficient concentrations of diacetyl are em- 
ployed. The results of Green and coworkers (9) and Schweet and co- 
workers (8) may have been due to several obscuring factors. DAMC 
reacts as diacetyl in the tests employed by these workers (Table I). As 
shown above, diacetyl dimerizes rapidly at pH 7.5 and 38°, the conditions 
employed in the original diacetyl mutase experiments. Assays for acetic 
acid, by the method of Black (27), were made by Schweet and coworkers 
(8). Since DAMC distils with water and DAjMC is hydrol 3 'zed to AJMC 
and acetic acid under alkaline conditions, assays for acetic acid and AMC 
in such samples should be correspondingly high. 

Thus there is no evidence for a dismutation in the diacet}'! mutase reac- 
tion. The rate of formation of AMC from diacetyl is no faster than the 
corresponding rate from pyruvate. In view of the formation of free acet- 
aldehyde discussed above, most, if not all, of the AMC sjmthesized can be 
accounted for on the basis of condensation of free acetaldehyde with “ac- 
tivated” aldehyde. The fact that anaerobic experiments with some 
pjTTivic o.xidase preparations display differences in the ratios of AMC-a- 
acetolactate produced can be interpreted as attributable to differences in 
the ability of these systems to dissociate free acetaldehyde. Liberation of 
such free acetaldehyde may be a consequence of partial dissociation of the 
acetaldehyde-DPT complex from the enzjmie with subsequent non-enzj'- 
matic release of free acetaldehyde and DPT. Further evidence supporting 
this ■\’iew will be presented in a future publication. Other DPT enz 3 Tnes 
such as the a-ketoglutaric oxidase also appear partiall}' to dissociate an 
“activated” complex with subsequent breakdown to succinic semialdeh 3 ’-de 
(4, 28). Free acetaldehyde has also been detected with various animal 
and bacterial preparations by man}' workers using trapping agents (29-33). 

STJIIMART 

1. Under anaerobic conditions, P 3 'ru’i’ic oxidase preparations from ani- 
mal tissues and bacteria can foiin a-acetolactate as well as AMC from 
P3Tuvate. 
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2. AMC formation is a consequence of the production of free acetalde- 
hyde, which then can serve ns acceptor for ^'activated'' acetaldehyde de- 
rived from pyruvate. 

3. a-Acetolactate formed by pyruvic o.xidase is a racemic mixture. 

d. Addition of acctaldeh 3 ^de can .stimulate AMC formation from pyru- 
vate as much as 12-fold and inhibits the synthesis of a-acetolactate. 

5. DAMC and AhlC are formed simultaneously'’ when diacetj’^1 is the 
substrate for pyruvic oxidase. 

6. A method is described for the chemical .synthesis of DAMC. 
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SYNTHESIS IN VITRO AND IN VIVO OF CO“» CONTMNING 
YITAjMIN Bii-ACTIVE SUBSTANCES BY RUjMEN 
IMICROORGANISMS* 

Bx RONALD R. JOHNSON, ORVILLE G. BENTLEY, and 
A. L. MOXON 

(From the Deparlmciil of /Uiimal Science, Ohio AgrtcuUural Experiment Station, 
Wooster, and the Department of Agricultural Biochemistry, The Ohio 
State University, Columbus, Ohio) 

(Received for publication, April 4, 1955) 

The importance of dietary cobalt for the gro^Yth and \\'ell being of 
ruminants has been well established (1, 2). Since the discovery of cobalt 
in the xdtamin Bin molecule, several workers (3-8) have reported results 
indicating that the primary function of cobalt in the ration of ruminants 
is to enable the rumen microorganisms to synthesize mtamin B 12 . 

Changes in the chemical structure of mtamin B 12 can occur (9-11) bj'’ 
replacement of the cyanide group of true mtamin B 12 (cy’^anocobalamin) 
with other radicals: mtamin Bub (hj'droxy group), 'vutamin Bi 2 e (nitrite 
group). Other compounds have been discovered which possess varying 
degrees of mtamin B 12 acthity but exhibit greater differences in structure. 
Among these are vitamins Bum (12), Bi^f (13), pseudoxitamins Bu and 
Bi 2 d (14), and factors A, B, and C (15, 16). All of these substances 
were produced by microorganisms inhabiting the gastrointestinal tracts of 
animals. Many of these compounds were found to be relatively inactive 
in higher animals. 

Bentley et al. (7), in this laboratory, found that the addition of cobalt 
to poor roughage rations for steers improved the rate of growth and in- 
creased the xitamin B 12 actmty of the rumen liquor and the livers 5- to 
10-fold. Since ruminant animals depend on microbial synthesis for their 
mtamin B 12 , it became of interest to investigate the nature of the mtamin 
Bi 2 produced. The results reported herein describe the separation of 
vitamin B 12 -active substances synthesized by rumen microorganisms grow- 
ing in vitro and in vivo in the presence of Co®°. 

EXPERIMENTAL 

Rumen Fermentation in Vitro — ^Rumen microorganisms were cultured 
in vitro on a semipurified medium according to the procedure described 

* Approved for publication as a journal article. No. 20-55, by the Associate Di- 
rector of the Ohio Agricultural Experiment Station. A preliminary report of this 
work was presented at the 126th meeting of the American Chemical Societ 3 ', New 
York, September, 1954. The studies reported herein were supported in part by the 
Atomic Energy Commission, contract No. AT(ll-l)-272. 
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by Bentley ei al. (17). The basal medium consisted of cellulose,' urea, 
glucose, minerals, valeric acid, biotin, and 21 -aminobcnzoic acid. Strained 
rumen liquor from steers (obtained through a rumen fistula) was centrifuged 
in a Sharpies supercentrifuge and the sediment of microflora resuspended 
in phosphate buffer, pH 7.0. This suspension was used as the inoculum 
for the fermentations. 

Rumen Studies in Vivo — 00 pound wether lamb was placed in a metab- 
olism crate constructed to allow separate collection of the feces and urine. 
Co"" was injected into the rumen cavity of the animal directly through the 
loft flank with a 10 ml. hypodermic syringe equipped with a 6 inch No. 
16 gage needle. Injections of 22 7 of Co containing 90 /^c. of Co®" each 
were made dail}'' over a period of 4 days. The feces were collected in a 
bag attached to the animal by a web harness and lined with plastic. On 
the 5th day after the first injection, the animal was sacrificed, and the 
liver, kidneys, and rumen contents were removed for analysis. 

Paper Electrophoretic Separations — The fermentation flask contents as 
well as the rumen contents and feces from the intact animal were dried 
at 50° in a forced draft oven and ground to a coarse powder with a mortar 
and pestle. 3 to 5 gm. portions of these samples were extracted in hot 
water and centrifuged. Since this emde water extract had a high concen- 
tration of dissolved solids and a low concentration of vitamin Bi 2 , it did 
not lend itself to proper paper electrophoretic separation. To clarify the 
extract further, the supernatant fluid was stirred with 20 gm. of activated 
charcoal (Nuchar C-190-N or Darco G-60), and the suspension was filtered 
on a Buchner funnel. The vitamin B 12 -active substances were eluted with 
hot 70 per cent acetone and the eluates concentrated under reduced pres- 
sure to 5 to 15 ml. Fresh samples of the sheep liver and kidney were 
extracted in hot water, and the extract was similarly treated with charcoal, 
eluted, and concentrated. 

A paper electrophoretic technique similar to that reported by Holds- 
worth et al. (18) was used to separate the vitamin Bi 2 -active substances. 
Aliquots^ of the above samples were dried as spots on 4 X 40 cm. strips of 
filter paper (Schleicher and Schuell No. 2043-B or Whatman No. 1). 
After wetting the strips with 2 n acetic acid, they were suspended in a 
horizontal cassette,® the ends dipping into the electrode baths containing 
2 N acetic acid. A potential of 8.5 volts per cm. at a current flow of 4 to 
5 ma. was applied for 12 hours. 

Vitamin Bn Assays — ^Both Lactobacillus leichmannii ATCC 7830 and 

' Solka-Floc No. 40A, Brown Company, Berlin, New Hampshire. 

2 With some samples, several aliquots were necessary to obtain sufficient concen- 
trations for detection. In this case, a heat lamp was used to hasten the drying proc- 

lKB paper electrophoresis equipment, Ivan Sorvall, Inc., Norwalk, Connecticut. 
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Escherichia coli ATCC 11105 were used to assaj-- vitamin Bu activity. 
For the L. Icichmannii assaj’s, the titrimetric method was used vith a 
72 hour incubation. The procedure was a combination of those reported 
bj- Skeggs et al (19) and Thompson ct aJ. (20) and was described in detail 
by IMoinuddin and Bentle}' (21). 

For the E. coli assays, the medium used was that described by Da^^s 
and J^Iingioli (22) with the addition of 0.05 per cent NaCl, as suggested 
bj' Johansson (23). The organism was maintained on agar slants prepared 
as described by Harrison ct al. (24). 

Detection of Separation — Agar plates consisted of double strength E. coli 
medium plus 0.3 per cent sodium propionate (to prevent mold growth) 
and 2 per cent agar and were inoculated with a saline-washed culture. 
Paper strips were dried at room temperature and placed on the plates. 
After incubation for 12 hours at 37°, zones of groudh indicated the posi- 
tion of the tytamin B 12-active substances on the paper. 

Detection of Radioaclmiij — 00®“ actmty was measured by drying sam- 
ples in nickel planchets and counting with a Geiger-Miiller tube (2.6 mg. 
per sq. cm. mica window) attached to a Berkel}’’ decimal scaler, model 
2000. 

Radioautogi'aphs were made by exposing tjqje K x-ray film to the 
electrophoretic strips. 

Isotope — Co®“ was obtained from the Oak Ridge National Laborator5\ 

RcskUs 

Studies in Vitro — ^In the first study, seven identical rumen fermenta- 
tions were prepared. To each, except the zero time flask, 5.5 7 of cobalt 
(as C0CI2) containing 22.5 pc. of Co®" actmty were added. At inter\'als 
of 6, 12, 24, 48, 72, and 96 hours one flask was removed, and the contents 
were prepared as described above. 

Fig. 1 illustrates the radioautographs of paper electrophoretic separa- 
tion performed on both the crude water extracts and charcoal eluates of 
two samples of mmen contents in vitro. Three distinct zones of Co®“ 
acthdty appeared in the separation performed on crude water extracts 
and were labeled Substances 1, 2, and 3. The remainder of the actirdty 
appeared as a diffuse streak. Charcoal clarification, however, permitted 
this diffuse portion to separate distinctl5’- into four zones of activitj', 
Substances 4, 5, 6, and 7. The electrophoretic mobilities of these spots 
on Schleicher and Schuell No. 2043-B paper were 0, 0.57 and 1.25 (Sub- 
stance 2 was actually a double zone), 2.21, 2.77, 3.67, 4.52, and 5.08 (X 10"® 
sq. cm. vollr' sec.-i), respectively. Since the pH of the electrolj4e was 
between 2.2 and 2.3, electroosmotic effects were presumed to be negligible 
(25). 

E. coli bioautographs of similar strips as well as later titrimetric analj-ses 
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revealed that all the Co®®-activc zones contained ^atamin Bio activity. 
Separation of crystalline vitamin B 12 samples known to contain some 
vitamin Biob showed that Substance 4 was true Autamin B 12 (cyanoco- 
balamin) and Substance 6 was vitamin Bi 2 b (hydroxycobalamin). 

Substances 2 and 3 did not appear in the charcoal eluate. It is possible 
they were not eluted from the charcoal with 70 per cent acetone. Though 
protein-bound forms of vitamin B 12 are known to exist, Substances 2 and 
3 Avere not of this type, since incubation AAuih proteol 3 dic cnzj'mes did 
not change their mobilities. 



Fig. 1. Diagram of radioautograph of paper electrophoretic separation of Co">' 
active substances in rumen liquor. The Co®” zone (No. I) represents the starting 
point. Zone I, 48 hours, charcoal eluate; Zone 11, 48 hours, crude water e.xtract; 
Zone III, 72 hours, charcoal eluate; Zone IV, 72 hours, crude water extract. The 
arabic numbers indicate the substances discussed in the te.\-t. 

The position of the seven Autamin Bi 2 -acttye substances in similar 
strips Avas located by radioautography, and the strips were cut into sec- 
tions containing the seven substances. Each section Avas extracted AAuth 
hot water and assayed titrimetrically for Autamin B 12 actiAuty b}'’ the 
L. leiclvmannii assay. The percentages contributed by each substance to 
the total activity of the samples are presented in Table I. 

Vitamins B 12 and Bi 2 b together^ contributed 50 to 60 per cent of the 
total vitamin B 12 {L. leichmannii) actmty, AAdiile Substance 5 contributed 
betAveen 30 and 40 per cent. Of Substances 1, 2, 3, and 7, only Sub- 
stances 3 and 7 occurred in significant amounts. The highest A^alues 
obtained for Substances 3 and 7 Avere 9.2 and 12.1 per cent, respectively. 

^ Since vitamin B 12 and vitamin Bisb are interconvertible merely by the removal 
or addition of the cyanide group, they can be considered together. 
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Similar strips were sectioned, the individual sections were extracted, 
and the Co®“ activity was measured b}’’ counting aliquots in planchets. 
Table II presents a comparison of the distribution of -vutamin B12 activitj’' 
and Co"* activitj' among the various substances in a topical sample. 

The Co®“ distribution is slightlj' different from that of vitamin B12. 
Substances 3 and 7 have relativelj' more Co®" acti\'ity than would be 
predicted from their \'itamin B12 activities. This was true in all samples 
tested and compared in this mamier. The data of Table II indicate the 


T.A.BLE I 

Dislribiilion of L. leichmannii Activity* -in Electrophoretic Separation of Vitamin 
Biz-Like Substances in Rumen Liquor in Vitro 



Sub- 

stance 

Ko. 

Fermentation time 

6 hrs. 

12 hrs. 

24 hrs. 


B 

96 hrs. 

Water extracts 

1 



1.6 

1.0 

1.2 

0.6 


2 



2.6 

1.0 

/ 3.0t 
\l0.9 

1.2 


3 

6.0 

5.8 

9.2 

3.8 


0.9 

Charcoal eluates 

4 

24.7 

16.6 

20.2 

23.3 

23.2 

16.0 


5 

29.3 

31.7 

38.6 

39.2 

33.8 

29.9 


6 

31.4 

38.1 

30.3 

30.1 

34.8 

35.0 


7 

7.8 

8.7 

8.6 

3.2 

2.0 

12.1 


* Activity is given as per cent of the total vitamin Bis activity in the respective 
electrophoretic paper strips. However, Substances 1, 2, and 3 were determined on 
separations performed on the crude water extracts, while Substances 4, 5, 6, and 7 
were obtained from charcoal-treated samples. Consequently, the activity contri- 
butions cannot be added and expected to total 100 per cent. 

t In the 72 hour sample. Substance 2 appeared as a double zone and no Substance 
3 appeared. In all the other samples. Substance 3 appeared, but no distinct Sub- 
stance 2 was present. In those cases, the activities given for Substance 2 are the 
result of tailing of other zones. 

Co®° contribution from Substance 5 was less than its tdtamin B12 contribu- 
tion. However, this difference was not usually as large as indicated. 
Since the data were calculated as percentages of total acti^dty, the greater 
actmty for Substances 3 and 7 would necessitate the lowering of the 
relative actmty of the other constituents. 

In a second experiment, three basal flasks were prepared in the same 
manner as those in the fii'st study. Additions were made as follows; 
Flask 1, basal, no additions; Flask 2, basal -j- 4.5 gm. of starch as a readily 
fermentable source of carbohydrate; and Flask 3, basal -f- 4.2 7 of Co 
(as C0CI2) containing 17 pc. of Co®® actmty. The flasks were incubated 
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for 48 liours, and the contents ^vcrc prepared and sampled as described 
earlier. 


Tabce II 

CoiH'parison of Dislrihution of Vitamin Bn and Activity* in Rumen Liquor 


Subst.ince No. 

Vitamin Bu activity , 

! 

Co'o activity 

If 

1.76 

2.55 

2t ! 

3.55 

6.2 

3t 

9.9 

19.2 

H 1 

26.3 

25.7 

5t 

38.7 

2-1.0 

Gf 

27.6 

■ 2-1.8 

n 

2,1 

13.3 


* The values are given as per cent of the total activity found in an electrophoretic 
paper strip. 

t Data taken from crude water extracts, 
t Data taken from charcoal eluates. 



Fig. 2. Diagram of bioautographs (B. coli) of paper electrophoretic separation 
of vitamin Bi 2 -active substances in rumen liquor (second trial). Zone I, basal -f 
starch, charcoal eluate; Zone II, basal + Co'®, charcoal eluate; Zone III, basal 4- 
starch, crude water extract; Zone IF, basal + Co'®, crude water e.xtract. 

An E. coli bioautograph of separations performed on these samples is 
illustrated in Fig. 2. Although seven zones of E. coli growth did appear, 
the first two were ver3’- faint. The remaining five zones were distinct,, 
although not entirely separated from one another. In these samples a 
substance not demonstrated in the previous experiment appeared between 
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Substances 4 and 6, thus placing two substances in this range. For 
consistency, the two were labeled Substances 5a and 5b; for the remainder 
the labels bj- Avhich they were denoted pre-vdously were retained; i.e., 

Table III 


Dhiribitlion of Vitamin Bit Activity in Vitamin Bit-Aclive Substances Synthesized 
by Rumen Microorganisms in Second Trial 


Substance No. 

Distribution of activity* 

Flask 1 (basal) 

Flask 2 (starch). 

Flask 3 (Co'5) 

I 

0.9 

' O.S 

0.7 

2 

1.3 

; 1-1 

0.6 

4 

12.8 

13.9 

15.1 

5a 

27.7 

1 26.1 

27.6 

5b 

19.7 

17.6 

16.9 

6 

26.3 

27.4 

31.1 

7 

S.S 

11.0 

7.0 


* Activity is given as per cent of the total vitamin Bj* activity in the respective 
strip. Portions of activity found in other sections of the strip, but not due to a dis- 
tinct zone, were omitted from the table. 



Fig. 3. Diagram of bioautographs {E. coli) of paper electrophoretic separation of 
vitamin Bi«-active substances in sheep rumen liquor. Zone I, 20 aliquots applied to 
spot; Zone II, 20 aliquots crystalline vitamins B,; and Bi;b; Zone III, crystalline 
vitamins Bn and Bj-b- 


Substances 4, 6, and 7. A good separation of zones could not be obtained 
on the crude water extracts of these samples. 

Table III presents the distribution of the vitamm Bjo activitj’- (L. 
Idchmannii) among the various A-itamin Buractive substances. Vitamins 
Bu and B^b (Substances 4 and 6) contributed between 39 and 45 per cent 
of the total actiA-itj’, which is somewhat less than was found in the first 
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trial. Substances 5a and 5b botli contributed major portions to the 
total activity. Substance 7, although distinct in the autographs, con- 
tributed little to the total L. leicimannii activity. 

Study in Vivo — Paper electrophoretic separation of the vitamin B 12 - 
active substances produced in vivo revealed the presence of several sub- 
stances similar to those found in studies in vitro. Pig. 3 illustrates the 
bioautograph of such a separation performed on the rumen liquor. This 
autograph demonstrates the iiresencc of five distinct A’itamin Bi 2 -activc 
substances which correspond to Substances 4, 5a, 5b, G, and 7 described 
previously. In especially'’ sensitive bioautographs, zones of growth could 
bo detected in positions previously'- designated Substances 1 and 2 and 


Tabi/K 


DislrihuUon* of Vitamin Bn Activity (L. leichmannii) in Electrophoretic Separations 
of Vitamin Bn-Aclive Substances from Sheep Given C'o*'® 


Substance No. | 

Rumen liquor 

Feces 

Kidney 

Liver 

1 

1 

2.6 


2.0 1 

2.5 

2 


5.2 

1.4 


4 

29.0 

23.3 

27.1 

44.2 

5a 

9.6 

8.0 

6.9 

5.2 

6b 

26.8 

21.2 

! 63.5 

15.9 

6 

20.1 

29.3 

J 9.1 

30.3 

7 

10.6 

12.9 



8 

1.3 

1 



1.9 


* Activity is given as per cent of the total activity in the electrophoretic strip 
of a given sample. 


also in a position beyond Substance 7 (designated Substance 8). At no 
time were the latter three substances present in major amounts. 

Similarly, the feces samples separated into five and occasionally six 
active entities. Liver and kidney samples both exhibited Substances 4, 
5a, 5b, and 6, with traces of Substances 1 and 2. 

Strips similar to those autographed above were cut into sections, and 
the activity of each idtamin 13 12 -active substance was determined by titri- 
metric tube assay (L. leichmannii). Table IV presents the distribution of 
the total vitamin B 12 acti'idty among the A^arious Autamin Bi 2 -actiA'-e sub- 
stances in each sample. 

It Avas demonstrated in the study in vitro and again in this experiment 
(Fig. 3) that Substances 4 and 6 Avere vitamins B 12 and Bi 2 b, respectiA^ely. 
These substances together contribute only about half of the microbiological 
activity of both the sheep rumen liquor and feces samples. Substance 5b 
also was present in large amounts in these samples. 
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In liver samples, 75 per cent of the actmty was present as \ntamins Bu 
and Bi5b. Although Table H'' indicates that 53 per cent of the acthdty in 
sheep kidney was due to Substance 5b, the proximity of Substances 5b and 
6 in separations performed on kidnc3'^ samples made accurate sectioning of 
the corresponding strips difficult, and this value is considered in question. 

Radioautographs of the samples anal3^zed in the sheep experiment indi- 
cated that the specific actmt3’’ (Co®*) of the ■s'itamin Bis-active substances 
in t his experiment were not nearly as high as the specific activities of the 
substances formed in earlier experiments in vitro. Nevertheless, Co®® was 
detected in Substances 2, 4, 5b, 6, and 7 in sheep feces. Samples of rumen 
liquor exhibited radioactivity in all of these except Substance 7 and in Sub- 
stances 1 and 5a as well. Sheep liver contained radioactmt3’- in Substances 
4, 5a, 5b, and 6, while kidney samples exhibited radioactmty only in Sub- 
stances 4, 5a, and 6. Since all of the •vdtamin B 12-active substances shown 
to exist here had Co®® acth'it3'' in at least one of the samples, the failure to 
find Co®® in certain zones was probabl3'^ due merely to the actmty being too 
low to be detected efficiently by radioautograph3\ 

DISCUSSION 

The results presented demonstrate the abilit3’’ of rumen microorganisms 
to S3’nthesize several substances ha\*ing vitamin B 12 actmt3’- for test organ- 
isms, but differing from ^dtamin B12 and ^^tamin Bub in electrophoretic 
mobility. The identities of these substances have not been determined as 
yet. The results are, however, in accord with findings b3’^ other workers. 
In similar studies with rumen flora, Ford and Holdsworth (26) and Brown 
and Smith (27) isolated vitamin B 12-active substances which differed from 
C3’anocobalamin in that the nucleotide base, 5 , 6-dimeth3dbenzimidazole, of 
cyanocobalamin was replaced by other purines; e.g., adenine and 2-methyl- 
adenine. Similarl3’^, Dion et al. (28, 29) showed that the purine portions of 
pseudo\dtamins B12 and Bi2d were adenine and 2-meth3dadenine, respec- 
tively. "Whether any of the substances demonstrated here are identical 
with those identified by other workers is not known at this time. How- 
ever, since in all cases the bacteria producing the substances were from m- 
men origin, a relationship seems likely. 

It is possible that one or more of the vitamin Bi2-active substances are 
intermediates or precursors in the s3Tithesis of the final ^■itamin B12 mole- 
cule. However, though there was active mtamin B12 s3Tithesis for at least 
72 hours by this S3’-stem, no significant changes in the ratios of one sub- 
stance to another occurred during this period of time. 

Starch and other readily available sources of energ3’- are known to change 
. the t3q)e of fermentation and microflora in rumen populations. This has 
been 5bo^^^l both 1)3’^ obser\’ation of the bacteria and in increased B ■vitamin 
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synthesis (30, 31). Its addition, in this system, did not produce any major 
changes in the proportions of tlic vitamin Bn-active .substances. Total 
vitamin Bio activity synthesized va.s increa.sed .sliglitly, hoivever. The ad- 
dition of cobalt also increases the vitamin Bio production somewhat, but 
does not change the proportion of the various .substances. 

The vitamin B^ complex synthesized in vivo was very similar to or iden- 
tical with that S3mthe.sized b^- nimen fermentations in vitro. 

It is important to note that over lialf of tlie activity of loimen liquor may 
exist as substances other than vitamins B 12 and Bi;b. It is difficult to dis- 
cuss the significance of the unidentified substances until both their chemical 
nature and biological activities have been fully determined. Coates et al. 
(15) stated that many of the substances were less active than mtamin Bw 
for chicks. This would suggest that these substances might not be of direct 
value to the ruminant animal. However, it is possible that they may serve 
in the metabolism of the rumen bacteria themselves. 

It is of interest to state that Johnson (32) has observed that rat intestinal 
flora synthesize several vitamin B^-active substances similar in electropho- 
retic mobility to those found in mmen liquor. WTien rats were fed a puri- 
fied ration deficient in vitamin B 12 , the vitamin Bn activity of the feces was 
increased by supplementing the ration with cobalt. Moreormi-, the liver 
and kidneys of the cobalt-supplemented group contained more vitamin Bn 
activity than those of the control group. This would indicate absorption 
from the large intestine, since the rats could not practice coprophagy. 

The synthesis of vitamin Bi 2 activity by rat intestinal flora was demon- 
strated earlier by Hartman et al. (33) and Davis and Chow (34). Also, 
Klosterraan et al. (35) and Robison (36) showed that swine fed a vitamin 
B 12 -deficient ration exhibited a growth response to cobalt supplementation. 
Similar effects of cobalt in chicks and rats were reported bj’’ Burns and Sal- 
mon (37). Thus, the microbial sjmthesis of vitamin B 12 may be important 
in non-niminants as well as in ruminants. This phase is being further in- 
vestigated. 

SUMMARY 

1. Rumen microflora were grown both in vitro and in vivo in the presence 
of Co®”, and the vitamin Bi 2 -active substances produced wei-e separated b.v 
electrophoresis on filter paper. 

2. Seven vitamin B 12 -active substances having different electrophoretic 
mobilities were synthesized. Co®® was incorporated into all seven sub- 
stances. 

3. Two of the substances are \dtamin Bi 2 and vitamin Bi 2 b. However, 
as much as 65 per cent of the total activity of the nimen liquor samples may 
be contributed by substances other than vitamins B ,2 and Bra,. 
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4. Four vitamin B 12 -like substances occurred in sheep liver and kidney 
samples. 

The authors are indebted to hlerck and Company, Inc., through the cour- 
tesy of Dr. L. ^lichaud, for crj^stalline \dtamin Bk- Acknowledgment is 
also made to Dr. .1. D. SajTe, Department of Agronomj' of this Station, for 
helpful advice and for assistance in obtaining the isotope. 
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TIGLYL COENZYA'IE A AND a-AIETHYLACETOACETYL 
COENZYI^IE A, INTERMEDIATES IN THE ENZY- 
AIATIC DEGRADATION OF ISOLEUCINE* 

By william G. ROBINSON,! BBIAL K. BACHHAWAT,! 

AND MINOR J. COONt 

(From the Department of Biochemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 

(Received for publication, May 6, 1955) 

Studies in this laboratory on the metabolic fate of a-methylbutyrate 
labeled m various positions with C“ have given strong support to the 
belief that this compound is an intermediate in isoleucine metabolism 
(1, 2). It was shown that, m liver tissue, a-methylbutyrate undergoes 
oxidation on the longer carbon chain, followed by cleavage to produce 
“acetate” from carbons 3 and 4 and “propionate” from carbons 1 and 2 
and the branched methyl carbon. These findings account satisfactorily 
for the known weakly ketogenic and slight, but^definite, glycogenic prop- 
erties of isoleucine, as discussed below. It has^recently been foimd that 
the reactions under consideration proceed in soluble enzyme preparations 
of heart and liver only when a-methylbutyrate is present in the form of its 
CoA thiol ester, ‘ thereby suggesting the occurrence of a metabolic path- 
way similar to that now vddely recognized for straight chain fatty acid 
metabolism. 

Preliminary resnlts supporting the following reaction sequence have 
been reported briefly (3). 

(1) a-Metbylbutyryl CoA tiglyl CoA (-(-2H) 

(2) Tiglyl CoA -J- HjO a-methyl-^-hydroxybutjTyl CoA 

(3) o:-Methyl-)S-hydroxybutyryl CoA -1- DPN"'' ^ a-methylacetoacetyl CoA -j- 

DPNH -1- H+ 

(4) a-Methylacetoacetyl CoA -f CoA^^ acetjd CoA -f propionjd CoA 
Sum. a-Methylbutyryl CoA — > acetyl CoA -}- propionyl Co.\ 

* Supported by grants from the National Science Foundation and the National 
Institute of Arthritis and Metabolic Diseases, United States Public Health Ser\-ice. 

t Postdoctoral Research Fellow, United States Public Health Service, 
t Present address, Department of Biological Chemistrj', IMedical School, Univer- 
sity of Michigan, Ann Arbor, Michigan. 

* The following abbreviations are used: reduced coenzyme A, CoA; thiol ester of 
coenz 3 '’me A, acj’l CoA; diphosphopj'ridine nucleotide, DPN; trisChj’droxj-methj'l)- 
aminomethane, Tris. 
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TIGLYL COA AND a-METIIVLACETOACETYL COA 


The occurrence of Reactions 1 to 4 in pig heart and rat liver enzyme 
preparations is reported in the present paper. In addition, evidence is 
presented for the catalysis of Reaction 5 in heart extracts, due to the 
presence of CoA transferase. 

(5) a-Methylacetoacelate + succinyl CoA a-methylacetoacetyl CoA + succinate 

EXPERIMENTAL 

Pre'paraiion of Heart and Liver Extracts — Rat livers or pig hearts ob- 
tained promptly after death of the animals were packed in ice and ground 
in a mechanical mincer. 20 gm. of minced tissue were homogenized with 
20 ml. of 0.5 M potassium chloride at 0° in a Waring blender for about 3 
minutes; the resulting thick susiiension was diluted with additional potas- 
sium chloride solution containing phosphate bufi'er and extracted at —7° 
with ethanol at a final concentration of 20 volumes per cent, according to 
procedures previously described in detail (4). The clear, red super- 
natant solution obtained upon centrifugation was dialyzed for 16 hours 
against 4 liters of potassium chloride, 0.04 m, containing phosphate buffer, 
pH 7.4, 0.025 M, and L-cysteine, 0.001 m. T 3 ’^pical liver and heart extracts 
prepared in this manner contained, respectivel 3 ^, 14.3 and 4.4 mg. of 
protein per ml. In some instances the exti-acts were brought to a final 
ammonium sulfate concentration of 0.37 gm. per ml. (0.7 saturation), and 
the precipitates obtained upon centrifugation were brought into solution 
and dialyzed as described earlier (4). 

Hydration of Tiglyl CoA — With either the heart or liver extracts de- 
scribed, the hydration of tiglyl CoA (Reaction 2) was readil 3 ^ demon- 
strated by the spectrophotometric procedure of Stern and liis associates.^ 
This reaction most likely is brought about by crotonase (6) in the extracts 
employed, for a crystalline preparation of this enz 3 '-me (7) was found to 
hydrate tiglyl CoA. Since tiglic acid is knovm to be the cis isomer of 
a-methylcrotonic acid (8), it would appear that the observed h 3 '-dration is 
an exception to the generalization of Wakil and Mahler (9) that this 
hydrase is specific for the trans isomers of a, i3-iinsaturated acyl derivatives.^ 
Evidence for the identity of the hydration product was obtained b 3 ^ in- 
cubating tigbd CoA with heart or liver extracts, converting the thiol 
esters present to the hydroxamic acids (11), and submitting the latter to 
chromatography in water-saturated butanol at 30°. The results of a 
typical experiment are presented in Table I (Experiment 1). In addition 

- The hydration was measured by decrease in ligjit absorption at 263 m/i, as de- 
scribed by Lynen and Ochoa (5) . The details of this procedure were kindly furnished 
by Dr. J. E. Stern. 

3 It has recently been reported by other investigators that cr 3 -stalline crotonase 
hydrates both cis- and trans-crotonyl CoA (10). 
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to tigloliydroxamic acid (Rr 0.72), a new compound was detected wth 
an Rf of 0.54, corresponding to that of authentic a-methyl-^-hydroxj'- 
butjTohydroxamic acid (Rr 0.56). As anticipated, onij’’ the former com- 
pound exliibited absorption when the paper chromatogram was viewed 
under ultrardolet light. Suitable controls indicated that tigl}"! CoA is not 
hydrated in the absence of added enzjTne under the conditions emploj'ed 
and that the enzjTne preparation was free of any materials jdelding hj'drox- 
amic acids. 

ConversioJi of a-Meihylbuiyryl CoA to Tiglyl CoA aiid a-Mclhyl-^-hydroxy- 
hidyryl CoA — ^The dehj^drogenation of a-methylbutj'rjd CoA (Reaction 1), 
predicted b\’ analogy to the corresponding dehydrogenation of the CoA thiol 


Table I 

Chromatograjyhic Idenlificalion of Hydroxamic Acids 


Experiment No. 

System 

Rp values of hydroxamic acids 

la 

Complete 

0.72, 0.54 

lb 

No enz3-me 

0.72 

Ic 

“ tigb'l CoA 

None 

2a 

Complete 

0.71, 0.51 

2b 

No enz 3 Tne 

1 0.79 


In Experiment 1, the complete system contained 2.7 ;xmoles of tiglyl CoA, 2.5 
Mmoles of potassium Versenate, pH 7.4, and dialyzed rat liver e.vtract (5.7 mg. of 
protein) in a final volume of 2.0 ml. Incubation, 10 minutes at 25°. In Experiment 
2, the complete system contained 4 Mmoles of a-methylbutyrj-l CoA, 50 Mmoles of 
Tris buffer, pH 7.4, 1 mg. of cj-tochrome c, and dialyzed rat liver extract (2.8 mg. of 
protein) in a final volume of 0.70 ml. Incubation, 30 minutes at 38°. 

esters of straight chain fatty acids (12), was demonstrated bj’’ the assaj' pro- 
cedure of Green et al. (13). The following components were incubated at 
38° in a final volume of 0.60 ml. in an evacuated Thunberg tube: Tris, pH 
8.1, 50 Mmoles; triphenyltetrazolium chloride, 3.6 pmoles; methylene blue, 
0.2 Mmole; Q!-meth 3 'lbutjTyl CoA, 2 Mmoles; and dialj'zed liver extract, 
2.9 mg. of protein. The triphenj’ltetrazolium was foimd to be reduced at 
the rate of 0.2 Mmole per hour. Tigljd CoA, the expected product of the 
oxidation, is not distinguishable from a-methj'lbutjTjd CoA bj' paper 
chromatographic methods currentlj’' in use, nor are the corresponding 
hj'droxamates readily separated in this manner. Bj' taking advantage of 
the hj-^dration of tigljd CoA bj* crotonase in the liver extract, however, it 
was possible to demonstrate chromatographicallj’ the formation of a- 
methj’l-|3-hj'droxj-butjTj4 CoA (hj'droxamic acid, Rf 0.51) from a-methyl- 
butjT34 CoA, as shown in Table I (Experiment 2). 

Evidence for a-Melhylacetoacclyl CoA As Intermediate — ^The postulated 
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TIGLYL COA AND CC-METIIYLACETOACETYL COA 


DPN-dependent oxidation (Pcaciion 3) and cleavage of a-methylaceto- 
acet 3 d CoA to fiirnisli acct^d CoA and propionj^ CoA (Reaction 4) are 
analogous to enzj^matic steps already rccognizicd in straight chain fatty 
acid metabolism (14). 'Wlien tigl 3 d CoA was incubated with oxalacetate 
and heart or liver preparations containing the citrate condensing enz 3 ane 
(15), acetyl CoA liberation was readil 3 '’ demonstrated by citrate formation 
(Table II). The values recorded for Experiments 1 to 3 are corrected for 
a trace amount of citrate formed in control experiments in which tigb'^l 

Table II 


Enzymatic Synthesis of Citrate from Tighjl CoA and a-Methylaceloacetate 


Experi- 

ment 

No 

Enzj’me prcp.iration 

Sub^tmtes added 

Citrate 

formed 

Tis/lyl 

Co.A 

Succinyl 
Co A 

or-Melhyl- 

aceto- 

acetate 

DPK 



fimoles 

fimoles 

11 moles 

It moles 

itmole 

1 

Liver ammonium sulfate fraction 

2.0 



3.0 

0.41 

j 

(45.0 mg. protein) 






2 1 

ii « 

2.0 




0.06 

3 j 

Heart e.xtract (7.0 mg. protein) 

2.0 



3.0 

0.26 

4 

Heart ammonium sulfate fraction 







(7.5 mg. protein) 

! 

4.0 

50 

3.0 

0.4S 

5 

i< « 


4.0 


3.0 

0.05 


In addition to the substrates and enz^’nie preparations indicated, the test S3’stems 
contained the following; Experiments 1 to 3, 500 //moles of Tris buffer, pH S.l, 20 
//moles of MgCla, 26 //moles of C3'steine, 125 //moles of oxalacetate, and 0.25 //mole of 
CoA; volume, 3.6 ml.; incubation, 60 minutes at 38°. Experiments 4 and 5, 500 
//moles of Tris buffer, pH 8.1, 20 //moles of MgCE, 13 //moles of c3-steine, 20 //moles 
of f-malate, highb'- purified malic deh3"drogenase (4 7 of protein), and crystalline 
condensing enzyme (16 7 of protein); volume, 2.5 ml.; incubation, 60 minutes at 38°. 
Citrate was estimated by the method of Natelson ct al. (16). 

CoA was omitted. It is apparent tliat citrate formation from tig^d CoA 
in the liver preparation emplo 3 ^ed was dependent upon the addition of 
DPN. 

The remaining experiments in Table II establish the formation of 
citrate from a-meth 3 dacetoacetate in a heart enz 3 nne preparation supple- 
mented with succinyl CoA and citrate condensing cnz 3 'me, along with 
malic dehydrogenase and malate as a source of oxalacetate. Onb'' a 
trace of citrate was produced when a-methylacetoacetate was omitted 
from the reaction mixture (Experiment 5). These results suggest that 
the |3-keto acid is activated by CoA transfer from succinyl CoA (Reaction 
5) prior to the cleavage step liberating acetyl CoA (Reaction 4). Tins 
reaction is similar to the transfer of CoA from succhiyl CoA to acetoacetate 
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known to occur in heart preparations (17, 18). Spectrophotometric eA-i- 
dence for the proposed CoA transfer, obtained with a highly purified 
preparation of heart CoA transferase,^ is giAnn in Fig. 1. The ascending 
portion of Curve A represents the formation of a-meth 3 ’-lacetoacetjd CoA as 
indicated bj' increased absorption of light at 310 (17) upon mixing the 



MINUTES 

Pig. 1 . EnzjTnatic sjuthesis of a-methylacetoacetyl CoA as a function of time. 
The ascending portion of Curve A represents or-methylacetoacetj’l Co.\ formation on 
mixing CoA transferase (27 7 of protein) with 600 ^moles of Tris, pH 9.0, 50 /imoles 
of MgCl", 1 pmole of succinyl CoA, and 50 /imoles of a-methylacetoacetate in a cuvette 
in a final volume of 3.0 ml. At Arrowl,lieart0to70percentammonium sulfate frac- 
tion containing the acetoacetate condensing enzyme (thiolase) was added ( 1.5 mg. 
of protein). Sufficient amounts of free CoA to permit the occurrence of Reaction 4 
were present in the reaction mixture. Curve B represents a similar experiment car- 
ried out at pH 8.1. 

enzjTOe, succinyl CoA, and a-methylacetoacetate at pH 9.0. The addi- 
tion (at Arrow 1) of a emde heart preparation containing the acetoacetate 
condensing enzyme (thiolase) resulted in disappearance of the product, 
apparently due to catalysis of a-methylacetoacetyl CoA cleaAmge accord- 
ing to Reaction 4. Similar results were obtained at pH 8.1, as indicated 
bj-- Cuiwe B, but the light absorption w'as much less than at the higher pH. 

a-Melhylaceioacetate Formation in Heart and Liver Extracts — ^If Reaction 
5 is reA’^ersible, one would expect a-meth 3 ’-lacetoacetyl CoA to yield a- 
meth 3 dacetoacetate in the presence of added .succinate. This possibilit)’’ 
was investigated in an experiment in wliich a-meth 3 dacetoacet 3 d CoA was 
generated enz 3 Tnatically from tigl 3 d CoA (3 mmoles) in the presence of 
heart extract, DPN (4.5 /zmoles), and potassium succinate (100 //moles). 

* Physical studies carried out by Dr. J. R. Stem demowstrated that the CoA 
transferase was homogeneous except for a trace of flavoprotein. 




396 


TIGLYL COA AND a-MKTllYLACJiTOACETYL COA 


The /3-keto acids formed were dccarboxylated in the presence of aniline 
hydrochloride, and the 2,4-dinilrophenylhydrazones of the resulting 
ketones (19) were submitted to paper chromatography in methanol- 
saturated heptane by a modification of the procedure of Meigh (20). 
Two distinct yellow spots (7?f 0.65 and 0.47) were detected, corresponding 
to known methyl ethyl ketone dinitrophenylhj^drazone (Rp 0.65) and 
acetone dinitrophenylh 3 ’^drazone (lip 0.46).^ It is concluded from these 
results that a-meth 3 dacetoacetatc was generated under the conditions 
employed. As anticipated, in a control o.xpoi’iment in which tiglyl CoA 
was omitted, the meth 3 d eth 3 d ketone derivative could not be detected. 
In another control e.xperiment in Avhich succinate was omitted, however, 
the methyl ethyl ketone derivative was identified chromatographically. 
This unexpected finding ma 3 '’ indicate that a-methylacetoacetyl CoA under- 
goes non-enzymatic hydrol 3 ’^sis and decarbox 3 dation under the conditions 
employed to decarboxylate the free jS-keto acids and form the hydrazones 
of the resulting ketones. 

In similar experiments in which tiglyl CoA was incubated with rat 
liver extract, DPN, and cysteine, methyl ethyl ketone was detected 
chromatograpliically. Although these results support the conclusion that 
a /3-keto acid (as the CoA thiol ester) is an intermediate in the metabolism 
of tiglyl CoA, they do not indicate Avhether a-methylacetoacetate is formed 
enzymatically from its CoA ester. 

Conversion of a-Methylacetoacetate io Acetyl CoA and Propionyl CoA — 
Evidence is presented above for the liberation of acetyl CoA, measured by 
citrate formation, as a product of Reaction 4. The other product, pro- 
pionyl CoA, was identified in an experiment in Avhich tiglyl CoA was 
incubated Avith DPN, oxalacetate, and the dialyzed ammonium sulfate 
fraction of rat liver extract, and the resulting thiol esters AA-ere converted 
to the hydroxamic acids. Chromatograph 3 ’' in AA’ater-saturated butanol 
established the presence of propionoh 3 '^droxamic acid (Rp 0.61) in addition 
to the a-methyl-/3-h3'-droxybutyrohydroxamic acid alread 3 '' described. 
Neither of these spots exhibited ultraAdolet absorption, unlike tigloh 3 '’drox- 
amic acid. Control experiments demonstrated that propionyl CoA Avas 
not further metabolized in the enzyme preparation employed and that no 
acetyl CoA accumulated in the presence of oxalacetate. 

To establish the molar ratio of the products of the cleavage reaction, 
a-methylacetoacetyl CoA Avas generated in the heart enz 3 me system (sup- 
plemented AAuth citrate condensing enzyme) under conditions leading to 
cleavage of this compound and conA’-ersion of the resulting acetyl CoA to 

6 The acetone dinitrophen34h3’drazone identified in this experiment arose from a 
trace of acetone present as an impurit 3 ’- in the commercial preparation of DPN em- 
pIo 3 ^ed. The CoA preparation used in these experiments contained no detectable 

carbon3'l compounds. 
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citrate (Table III). Aliquots were taken for the determination of citrate 
and for chromatography of tliiol esters at 4° in ethanol-acetate (21) on 
^Yhatman filter paper No. 3. The propionyl CoA {Rf 0.55) was eluted 
with water at 4° and assa 3 '-ed spectrophotometricall^’’ at 546 m^x b}’’ the 
nitropnisside reaction as described bj' Ljmen (22), ■with propion}'! CoA 
prepared from reduced CoA and propionic anhj^dride as a standard. The 
concentration of the chemicallj' prepared propionjd CoA was in turn 
established b^" hj^droxamic acid formation relative to an ethyl propionate 
standard. As maj' be seen in Table III, citrate was detected onl}^ when 
both succin\4 CoA and a-meth 3 dacetoacetate were present in the reaction 
mixture. The ratio of acet 3 d CoA (citrate) to propion 3 d CoA was 1.26, 


Table III 

Enzymatic Cleavage of a-Ucthylaceloacetalc to Acetyl CoA and Propionyl CoA 


System 

Compound measured 

Amount of 
compound 

Complete 

Propionjd CoA 

ftmoies 

o.ss 

(( 

Citrate 

1.11 

No succinyl CoA 

(( 

0 

“ a-methjdacetoacetate 

tt 

0 

Molar ratio, acetjd Co.A. (as citrate) to propionj-1 Co.A.. 

1.26 


The complete sj’stem contained 500 jimoles of Tris buffer, pH S.l, 20 pmoles of 
magnesium chloride, 13 ximoles of cj'steine, 3 /imoles of DPX, 200 /xmoles of 1-malate, 
5 /imoles of succin3'l CoA, 100 #jmoles of a-methjdacetoacetate, highlj- purified malic 
dehj'drogenase (4 y of protein), crj'stalline condensing enzjTne (16 y of protein), 
and dialyzed heart extract (8.4 mg. of protein) ; volume, 4.3 ml.; incubation, 60 min- 
utes at 38°. 

thereb 3 ' establishing the formation of these products hi almost equimolar 
amounts. A value closer to 1.0 would be obtained if allowance were made 
for the destruction of propion 3 *l CoA under the incubation conditions 
emplo 3 ^ed (1 hour at 38°, pH 8.1). A control experiment established that 
about 37 per cent of a sample of knowm propion 3 ’-l CoA disappeared under 
these conditions, but an exact correction cannot be applied to the cal- 
culated molar ratio in the absence of information on the rate at wliich 
propionyl CoA was released from a-meth 3 dacetoacetyl CoA during the 
experiment. 


DiscnssroN 

In striking contrast to the strongh' ketogenic nature of leucine, it 
appears from an examination of the available eiddence that isoleucine 
and or-mcthi-lbutiTate are only weakly ketogenic (23-28) and that iso- 
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leucine has slight, but definite, glycogenic properties (29, 25, 30). The 
present stiidj^, establishing the formation of equimolar amounts of acetyl 
CoA and propionyl CoA from intermediates in isoleucine metabolism, 
satisfactorily accounts for these properties. The complete catabolism of a 
mole of the amino acid could under suitable conditions, as in the diabetic 
organism, lead to the formation of about 0.5 mole of glucose from pro- 
pionate (31, 32) and 0,5 mole of ketone bodies from acet 3 d CoA. 

The enzjnnatic Reactions 1 to 4 established in the present study account 
adequately for the isotopic results obtained earlier (1, 2), and the findings 
are in general agreement •with the conclusion of Carter (33) that a-methyl 
fatty acids undergo /3 oxidation through the longer carbon chain only. 

Whether the branched chain compounds produced from isoleucine serve 
any specific function other than as a source of energy in the metabolism of 
animals is unkno'wn at the present time. It is interesting in this regard 
that the carbon skeleton of a-methylacctoacetate, for example, corresponds 
to that of isoprene, suggesting the possibility that isoleucine metabolites, 
like leucine metabolites (c/. (4)), ma 3 ’' be precursors of complex branched 
molecules such as steroids. Since the condensation of acetyl CoA units to 
furnish acetoacetyl CoA is known to proceed readily, there is no reason to 
believe that the condensation of acetyl CoA and propionyl CoA to furnish 
a-methylacetoacetyl CoA (the reverse of Reaction 4) may not also occur in 
animal tissues. Such a mechanism would provide a simple means of ob- 
taining branched chain compounds from substrates readily available from 
carbohydrate and lipide metabolism. 

ilf ethods 

dZ-a-Methylbutyxic acid and tiglic acid were commercial products. The 
latter compound, purified by sublimation and distinguished from the trans 
isomer (angelic acid) by the melting point, 65-66° (7), was found to give 
only one spot {Rf 0.59) upon paper chromatography in 100:15:1 n-butanol- 
water-diethylamine (34). The ethyl ester of a-methyl-j 8 -hydroxybut 3 a’ic 
acid, S 3 mthesized according to Blaise and Herman (35), was converted to 
the corresponding hydroxamic acid under standard conditions and found to 
give a single component upon paper chromatography. a-Meth 3 "laceto- 
acetate was made by alkaline hydrolysis of the ethyl ester, prepared accord- 
ing to Montagne (36) ; a sample of the jS-keto acid was decai’boxylated in 
the presence of aniline hydrochloride, and the 2 , 4 -dinitrophenylhydrazone 
of the resulting methyl ethyl ketone was found to be chromatographically 
pure. Coenzyme A thiol esters of cc-metbylbutyric and tiglic acids Avere 
prepared by the general method of Wieland and Rueff (37), and succinyl 
CoA was made from succinic anhydride according to Simon and Shemin 
(38). The concentration of thiol esters prepared in this manner was esti- 
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mated on the basis of siilfliydrjd disappearance, as determined by the 
method of Granert and Pliillips (39). 

hlalic dehydrogenase, crj'stalline crotonase, CoA transferase, and crystal- 
line condensing enzjTne were kindl 3 ’’ furnished by Dr. J. R. Stem and Dr. 
S. Ochoa. 

The authors wish to ackirowledge the technical assistance of hlrs. hlariljTi 
R. Loeb and bliss Halina Den. 


SXBIXLARV 

1. E\ddence is presented for the occurrence of the following reactions in 
enzjTne extracts of pig heart and rat liver: (o) the oxidation of a-niethjd- 
butjTjd CoA to tigljd CoA; (5) the hj'dration of tiglj'l CoA bj' crotonase to 
furnish a-meth3d-j3-hj''drox3’’butjTjd CoA; (c) the DPX-dependent oxidation 
of a-meth3d-i3-h3-drox3'butyr3'l CoA to a-meth 3 dacetoacet 3 d CoA; (c/) the 
cleavage of a-meth 3 dacetoacet 3 'l CoA to 3 'ield equimolar amounts of acet 3 'l 
CoA and propion 3 d CoA. 

2. Highly purified heart CoA transferase has been found to catalyze the 
following reaction; Q:-meth 3 'lacetoacetyl CoA -f succinate ^ a-meth 3 daceto- 
acetate -f succm 3 'l CoA. 

3. Under appropriate conditions, as in the diabetic organism, the com- 
plete catabolism of a mole of isoleucine according to the reactions estab- 
lished could give rise to about 0.5 mole of glucose (from propion 3 d CoA) and 
0.5 mole of ketone bodies (from acet 3 d CoA), thereb 3 ’' accounting for the 
known gl 3 '-cogenic and weakl 3 '’ ketogenic properties of the amino acid. 

4. It is suggested that the condensation of acet 3 d CoA and propion 3 d CoA 
to 3 deld a:-meth 3 dacetoacetyl CoA ma 3 '- pro^dde a means of S 3 Tithesizmg 
branched chain compounds from simple straight chain substrates in animal 
tissues. 
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Although the symptoms of essential fatty acid deficiencj’’ have been 
extensively studied, the mechanisms by which these sjTnptoms are pro- 
duced are still obscure. Several groups have made observations suggesting 
investigations which might throw some hght on this problem. For 
example, knowledge of the lipotropic effect of linoleic acid (1, 2) has re- 
sulted in the implication of this substance in the transport of fatty acids 
(3) and cholesterol (4), and several investigators (5-7) have shown that 
the fat-deficient state results in interference with oxidative phosphorjda- 
tion. Perhaps the most revealing data on this subject appear in the work 
of Smedley-MacLean and Hume (8), who obser\'ed that rats on a low fat 
diet from weaning nevertheless had a higher percentage of body fat than 
did normal controls, even though the total bod}’’ weight of the latter was 
considerably higher. "iiTien the fat-deficient animals received a linoleate 
supplement, however, body fat decreased and weight gain was resumed. 
From this e’^ddence one ma}’’ speculate that, although fat may be s}’n- 
thesized and deposited in fat deficiency, it cannot be used for the formation 
of new tissue. 

In following this lead, we have investigated the metabolism of three 
typical 18-carbon fatty acids bj’’ fat-deficient and by normal mice. iStea- 
rate was used as a typical saturated acid, oleate as the main unsaturated 
acid of the animal body, and linoleate as a representative polj’unsaturated 
fatt}’’ acid. In each case the rate of oxidation of the fatty acid was esti- 
mated from the respiratory CO 2 . The incorporation of the C^Mabeled 
carboxyl carbon from the fed acid into other lipides was also studied.^ 

* This paper is based on vork performed under contract No. AT-04-l-gen-12 be- 
tween the Atomic Energj' Commission and the University of California at Los Ange- 
les. 

* Recently Reinins and Turpeinen (9) have fed biosjTitheticallj' labeled linoleic 
acid to a normal and a fat -deficient rat and have checked the activitj' in the respira- 
tory CO; and carcasses. 
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EXPERIMENTAL 

Materials and Methods — Carboxy-Iabelcd methyl stearate, methyl 
oleate, and methyl linoleate (10) were prepared by Dr. J, C. Nevenzel 
and Dr. D. R. Howton of this laborator 3 L Doses of the appropriate 
methyl ester diluted with corn oil to a total activity of 10® disintegrations 
per second® were administered orally® to fat-deficient’’ or normal mice. 
The animals were then placed in all-glass metabolism cages and the respir- 
atory carbon dioxide was collected in sodium hydroxide solution hourly for 
8 hours and at 10 and 24 hours. Barium carbonate was prepared from 
these samples, weighed for total respiratory CO 2 , and checked for actiidty.® 
The animals were sacrificed at the end of each experiment, and the car- 
casses were frozen until used. Pooled carcasses from each group were 
extracted as described previously for rats (15). The total lipides were 
saponified, and the fatty acids thus obtained were separated into saturated 
and unsaturated fractions by the lead-salt technique (16). The total 
unsaturated fatty acids were brominated in the usual manner (15, 17) 
and separated into crude “octabromide,” “hexabromide,” and “tetra- 
bromide” fractions. The ciude “octabromide” fraction was partially 
purified by washing udth hot benzene and ether. The “tetrabromide” 
fraction was washed thoroughly uith petroleum ether (b.p. 60-70°) and, 
when possible, crystallized from ethylene chloride. In one case (oleate-fed 
normal mice) the tetrabromostearic acid was recrystallized to constant 
activity from eth 3 dene chloride and acetone. The non-saponifiable 
fractions were weighed and then crystallized from ethanol, acetic acid, 

® In three cases (see Table II) a much higher dose was inadvertently administered. 
Respiratory CO 2 was not measured with these animals, and the carcasses were worked 
up separately. 

* It was recognized that oral administration of the tagged material would result 
in a delay in utilization because of absorption from the gut. However, data were 
available in this laboratory which would enable this delay to be discounted if neces- 
sary (11), and there is evidence in the literature that intravenous injection of a fatt 3 " 
emulsion may not duplicate normal conditions, since the rate of oxidation is markedly 
influenced by particle size (12). 

^ Male mice had been on a fat-free diet 3 months from weaning. These animals 
and the experimental diets used are described in a previous paper (13). The mean 
weight of the eleven fat-deficient mice used in the experiment was 22.5 gm. as com- 
pared with 27.5 gm. for the thirteen normal animals. 

6 Counting was performed with a Nuclear Instrument and Chemical Corporation 
flow counter or a thin end window counter on samples prepared according to standard 
procedures. Lipides were plated directly on 1 inch aluminum planchets with lens 
paper (14). Some of these values were checked against BaCOa derived from dupli- 
cate samples. BaCOa was plated in the usual manner on 1 inch aluminum planchets. 
All counts were corrected for self-absorption by using curves determined for BaCOj 
or fatty acids. BaCOa counts were corrected for back-scattering to obtain values 
comparable to those from fatty acids. 
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and acetonitrile to constant activity and correct melting point for choles- 
terol. All fractions were weighed and counted. 


Table I 


Excretion of C** by Normal and Fal-Deficicnl Mice Fed Carboxyl-Labeled Esters 


Ester {ed 

Ko. and state of mice 

Mean weight 

24 hr. rcspira- 
tor>’ COs 

Urine 

Total ± s.d. 

Stear.ate 

3 normal 

.cm. 

27.0 


0.28 

29.4 ± 8.8 


3 fat-deficient 

23.6 


0.04 

50.7 ± 2.3 

Oleate 

3 normal 

30.6 


0.83 

58.6 d= 1.7 


4 fat -deficient 

23.0 

48.7 

0.31 

49.1 ± 5.1 

Linoleate 

7 normal 

26.1 

38.4 

0.21 j 

38.6 ± 3.9 


3 fat -deficient 

20.6 

57.5 

0.43 ' 

1 

57.9 ± 4.6 



Hours After Feeding 


Fig. 1. Recovery of C'* in expired CO 2 after feeding carboxy -labeled stearate, 
oleate, and linoleate to normal (squares) and fat -deficient (circles) mice. 


Results 

Data on the total excretion of (Table I) indicate that stearate and 
linoleate were oxidized to a significantly greater extent by fat-deficient 
than by normal mice, wlfile for oleate the reverse was tnie. However, 
despite the greater rate of oxidation by the fat-deficient mice (Fig. 1), 
the peak of activity in the respiratorj’' carbon dioxide was significantty 
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later tliaii for normal animals. It is possible that this finding stems from 
the fact that with these animals, apparently nervous and irritable, the 
fed oil was retained for longer periods in the stomach. This condition 
has been observed with other mice in what appeared to be a highly nervous 
state (11). 


Tabu: II 

IncorporaHon oj Carboxyl Carbon from Fed Fatty Acids into Lipidcs of Normal and 

Fat-Dcftcicnt Mice 


> 

c § 

. S cX 

Specific activity (disintejirations per sec. per mg.) of 


No. and state u 

of mice J! 

r; 

o 

C f- — 

p o ^ 
,£ V- tc 

O 

^ Tota 1 
— Ii]>idc 

Choles- 

terol* 

Total 

acids 

1 Satu- 

1 rated 
acids 

Uii.salu 

rated 

acids 

- Tetrahro- He.\a bro- 
mide mide 

fractionf fraction! 

Octabro- 

mide 

fractionf 

Stearate 

4 normal 

5 

115 

55 

99 

247 

|4S 

33 14 

3 



(10) 

(0.27)f 

(8) 

! (1.88) (2) 

(0.006) (0.060) 

(0.016) 

3 fat-deficient 

3 

76 

17 

85 

119 

70 

71 




(8) 

(0.25)f 

(8) 

(2.86; 

(1.72, 

(0.0004) 


Oleate 

3 normal 

3 


il5 

jioo 

72 

!99 

Il3 ,32 

12 



-(7.1) 

(0.225)f (6.3) 

(1.6) 

<(3.5) 

1(0.260) '(0.150) (0.160) 

4 fat-deficient| 

4 

69 

33 

;67 

73 

81 

,69 5 

7 

1 


(17.7)j(0.20)f 

|(13.8) 

(6.2) 

(3.4) 

1(0.052) '(0.002) (0.071) 

Linoleate 

3 normal 

15 

134 

181 

149 

71 

301 

475 

208 



(10) 

(0.225)t(7.1) 

(2.39) 

(3.60) 

(0.303) 

(0.110) 

4 fat-deficient 

3 

117 

12 

149 

113 

521 

730 

390 



(10) 

(0.391)t (6.1) 

(3.19) (0.49) 

(0.0035) 

(0.0022) 


The figures in parentheses represent the weight of the fractions in gm. 

* Recrystallized to constant activity', 
t Calculated on the basis of bromine-free acids, 

I Non -saponifiable. 

Finally, it is of interest to note that there is apparently no sparing of 
methyl linoleate which, especially in the fat-deficient animals, was oxidized 
at as great a rate as were the non-essential acids. It is possible that only 
those essential fatty acids in the important end-organs are spared by some 
mechanism which does not operate in the case of newlj^ ingested acids. 

In Table II are shown the weights and activities of lipides derived from 
the different groups of mice. The activity of the cholesterol (as compared 
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to that of total fat) appears to bear an inverse relationship to that of the 
total respiratory CO2 (Table I). Apparently the condition of fat defi- 
cienc}’- does not seem to hinder either the hydrogenation of unsaturated 
or the deh3’-drogenation of saturated acids, as shown by the actmty of the 
unsaturated acids from the stearate-fed animals and of the saturated acids 
from those in other groups. 

Some conclusions maj" be drawn from the activities of the polybromides 
when these were obtamed in large enough quantities for adequate purifi- 
cation. The actmtj'- of the octabronude derived from the linoleate-fed 
noi-mal mice could not be removed by solvent e.vtraction and may indicate 
a conversion of linoleate into arachidonate. In the case of the oleate-fed 
normal mice, the tetrabromostearic acid was ciystallized nine times from 
acetone or ethjdene chloride. The activity was constant after the fifth 
crj’^stallization. However, this acti\nty is not to be taken as proof that 
the mouse can convert oleic to linoleic acid, since it was found that methjd 
linoleate was present as an impurity in the fed methjd oleate in amounts 
large enough to account for the obser\’ed acti\'ity. A discussion of these 
latter results will appear in a subsequent paper in which the metabolic 
pathwaj' of linoleic acid is considered. 

DISCUSSION 

From the results reported above, several statements can be made with 
some assurance. Essential fatty acid deficienc3’ certainl3' does not de- 
crease the ability of the animal to catabolize fat; in fact, in two cases, this 
ability was eiddently enhanced. The discrepanc3' in the case of oleic 
acid cannot be explained at the present time; should future experiment 
show this case to be unique, essential fatty acid deficiency ma3'^ prove to be 
characterized generally by an increase in catabolic at the expense of 
anabolic reactions. The high metabolic rate of fat-deficient animals was 
noted by Wesson and Burr (18) in their earl3’^ studies and has since been 
confirmed by several groups (19, 20). It is of interest to note that the 
catabolism of fatty acid and the incorporation of tracer into cholesterol 
apparently bear an inverse relationship. However, an experiment de- 
signed to test the capacity of the fat-deficient mouse to S3’nthesize choles- 
terol from acetate indicated no disability of this t3q)e.® 

The fact that linoleate was oxidized at a high rate even b3^ fat-deficient 
mice seems inconsistent with its essential nature, except for the possi- 
bility that conservation of the essential fatty acids ma3’’ be a characteristic 
of certain organs although not taking place to so great an extent in others 

® Fat-deficient and normal mice received intraperitoneal injections of carboxy- 
labeled sodium acetate. No significant difference was found in the C” content of the 
cholesterol derived from these two groups of animals. 
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(21), The data on tlie relative activities of tlie saturated and unsaturated 
fattj’’ acids appear to have no unusual features. The fat-deficient animal 
is apparently not limited in its ability to saturate or unsaturate fatty 
acids. It is evident that linoleic acid is not so rapidly converted to satu- 
rated acids as is oleic acid, although this reaction apparently does take 
place readily. The activities of the various polybromide fractions may be 
interpreted as follows: In the case of the linolcate-fed animals, a true 
conversion of diene to tetraene and other pol 3 '’cncs may take place.^ In 
the other cases, direct transformation of the fed acid t o linoleate and more 
highly unsaturated acids is extrcmel}'’ unlikely. Activitj'' in these fractions 
is present either because of a slight impurit}’’ in the fed acid (as in the case 
of oleic acid), or b}'’ addition to inactive linoleic acid of acetjd fragments 
formed b}'- breakdown of the fed acid (15), or, in some cases, because of 
the difficulty of purifying extremely small amounts of tlicse substances. 
Data obtained in these experiments have indicated that further re- 
search in this field, the influence of the essential fatfy acids on lipide 
metabolism, may provide answers to some of the questions concernmg the 
nature and action of these substances. 

SUALMARY 

Normal and fat-deficient mice were given orall}^ carbox 3 ’‘-labeled metbid 
stearate, oleate, or linoleate. The content of the respiratory carbon 
dioxide and various bod 3 '' lipides was determined. Fat-deficient mice 
metabolized stearate and linoleate at a significantly greater rate than .did 
normal mice and oleate at a lower rate. The incorporation of into 
cholesterol seemed to bear an inverse relationship to that in total respira- 
tory CO 2 . No evidence could be found for the conversion of oleate to 
linoleate in vivo, but linoleate may be converted to arachidonate. 
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To explain certain clinical observations, such as feminization in pubes- 
cent boj-n and men ndth testicular tumors, it has been suggested that 
androgens maj’’ be metabolized to estrogens. Experiments in both animals 
and man support this theorj’’. As earh' as 1936, Steinach and coworkers 
reported an increased urinary' excretion of biolo^cally active estrogens 
after the administration of androgens to normal and castrated rats (1) 
and normal men (2). These original obsen-ations were confirmed by other 
investigators and extended to other animals, eunuchoid men, and castrated 
women (3-6). 

Dorfman and Hamilton demonstrated that this urinar}' estrogenic 
material was phenolic, uidicating that true estrogens, rather than neutral 
steroid metabolites ndth estrogenic properties, were probably involved 
(6). Nathanson et al. reported the identification of estrone, estradiol- 
17 and estriol in urines of ovariectomized women with breast cancer on 
androgen therapy (7). Identification was based on counter-current dis- 
tribution, but details of the criteria used for characterization of the indi- 
Addual estrogens were not described. 

In all these experiments, the urinary estrogens could have origuiated 
from the adrenal cortex rather than from metabolism of administered 
androgens. E^■idence is presented in this report, for the conversion of 
testosterone to estrogens in the absence of both ovaries and adrenals. 
Estrone and estradiol-17/3 Avere identified in the uiine of castrated, adrenal- 
ectomized women with breast cancer following testosterone administration. 
The conversion of testosterone to estriol could not be established. 

* This investigation was supported by research grants (C-2241) from the National 
Cancer Institute and (C-925(C7)) from the National Institutes of Health, Public 
Health Service, the United States Atomic Energj' Commission, the American Cancer 
Society, Inc., and the Damon Runj-on Memorial Fund for Cancer Research, Inc. 

t Scholar in Cancer Research of the American Cancer Society. 
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CONVEnsiON OF TESTOSTERONE TO ESTROGENS 


EXPERIMENTAL 

Clinical Material — The first patient (K. H.) was a 33 year-old woman 
who had a radical mastectomy for breast cancer 7 years prior to this 
stud 3 ^ The breast operation was followed b^’’ a prophylactic bilateral 
oophorectomy. With the appearance of generalized metastases, a bilateral 
adrenalectomy was performed as a therapeutic procedure. 

14 months after adrenalectomy, a control urine sample was collected for 
3 days, after which the patient was started on 200 mg, of testosterone 
propionate intramuscularly daily. A 3 day urine sample was collected on 
the 8th to the 10th day of testosterone therapy. The patient had to be 
maintained on 75 mg. of cortisone acetate daily during the entire experi- 
ment in order to prevent adrenal insufficiency. 

The second patient (M. L.) was a 53 year-old woman who developed 
breast cancer 5 years prior to this experiment. Generalized osseous 
metastases occurred 2| years later and a bilateral oophorectomy was 
performed, with good therapeutic results. Upon relapse, she underwent 
bilateral adrenalectomy. 

At the beginning of this experiment, the patient was being treated with 
100 mg. of testosterone propionate intramuscularly dail 5 \ A 24 hour 
urine sample was collected while she was on testosterone therap 3 ^ The 
testosterone was then discontinued for 1 month, after which a 24 hour 
control urine sample was collected. The patient received 75 mg. of 
cortisone daily during both the control and experimental periods. 

Hydrolysis and Extraction — The urines were hydrolyzed by incubating 
them for 5 days at 37° with 300 units of /3-glucuronidase^ per ml. of urine, 
as recommended by Gallagher et al. (8). Acid hydrolyses were not done 
because of the relatively low proportion of estrogen conjugates other than 
glucuronidates in human urine (8). The hydrolyzed urines were extracted 
continuously with ether for 48 hours. The phenolic fractions were pre- 
pared from the ether extracts, as described by Engel (9), and partitioned 
between 70 per cent ethanol and petroleum ether prior to counter-current 
distribution. 

Counter-Cnrrent Distribidion — The three major urinary estrogens, 
estrone, estradiol-17/3, and estriol, were separated out of the phenolic 
fractions and identified by counter-current distribution methods developed 
by Craig and Craig (10) and adapted for the analysis of estrogens by Engel 
(9). A 100 tube counter-current instrument designed by Craig et al. 
(11) was used. The solvent systems and the partition coefficients for 
estrone, estradiol-17/3, and estriol are given in Table I. The theoretical 
distribution curves and amounts of estrone, estradiol-17/3, and estriol were 

» Ketodase (Warncr-Chilcott). 
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calculated from the experimental data as described Craig and Craig 

( 10 ). 

The degree of de\’iation of the experimental distribution curve from the 
theoretical was used as an index of the completeness of separation of the 
estrogens from other fluorescent materials. Separation was considered 
complete and identity established when the experimental distribution 
curve agreed with the standard theoretical distribution curA*e within the 
limits of error of the analj-tical method. In order to satisf}' these criteria 
for the isolation and identification of estrogens, it was necessar}-- to use 
multiple distributions ndth different solvent sj’-stems. 


Table I 

Solvent Systems Used in Counter-Current Distribution and Partition Coefficients for 
Estrone, Estradiol-17p, and Estriol 


Solvent 

Solvent 

K (partition coefficient)* 

System 

No. 

Estrone 

Estradiol- 

Estriol 

1 

50% CH,OH-CCl« 

0.33 


m 

2 

70% CHjOH-40% CHCl,, 60% CCb 

0.21 

mm 

mm 

3 

40% EtOAo, 60% CeHii-60% EtOH 

0.96 

■■ 

MM 

4 

60% EtOAc, 50% C.H,.-33% » 



mm 

5 

60% CH,OH-90% CHCl,, 10% EtOAc 


■ 

ra 


* K IB the concentration of the solute in the upper phase divided by the concen- 
tration in the lower phase. The K values were determined b}' counter-current 
distribution. 


Photofiuorometric Analysis — ^Estrone, estradiol-17j3, and estriol were 
measured quantitatively by photofluorometry, as described by Bates 
and Cohen (12) and modified by Engel (9). Samples for analj’-sis were 
dissolved in 0.2 ml. of alcoholic toluene (1 part ethanol to 19 parts toluene) ; 
1 ml. of 90 per cent sulfuric acid was added and the mixture was heated in 
a water bath at 80° for 15 minutes. After cooling, 6 ml. of 65 per cent 
suhuric acid were added. The fluorescence was read against the proper 
estrogen standard in a Farrand photofluorometer, model No. A. Coming 
glass filters (Nos. 3389 and 5113) with a maximal transmission at 436 m/i 
were used as lamp filters. Combinations of an interference filter (485 
mp) and Coming glass filters (Nos. 3387 and 4308) were used as photo- 
cell filters. 

It was necessary to distill the absolute ethanol (U. S. Industrial grade), 
toluene (Baker, c.p.), and sulfuric acid (Grasselli-du Pont) in order to 
reduce the blank fluorescence to an acceptable level. 
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Payer Chromatography — Paper partition chromatography, as developed 
by Zaffaroni (13) and adapted for estrogens by iVxelrod (14), was used as 
an additional criterion for the identification of estrogens. Paper chromato- 
grams for estrone were developed in either toluene-propylene glycol or 
cyclohexene-formamide solvent sj’-stems. For estradiol-17/3 and estriol, 
a methylene dichloride-formamidc S3'^stem was used. Appropriate estrogen 
reference standards were nm simultaneou.sl}'’ with unknowns. Phenolic 
compounds were visualized on the chromatograms b}^ testing with an 
aqueous solution of 1 per cent ferric chloride and 1 per cent potassium 
ferriej’-anide (14). 

Results 

Conversion of Testosterone to Estrogens {Patient K. H.) — The control 
urinary phenolic fraction and that obtained while patient K. H. was on 


!S ESTRONE/ 24 HRS. » ESTRONE/ 24 HRS. 



Fig. 1 , A Fig. 1 , B 


8ESTRADI0L/24 HRS V ESTRIOL / 24 HRS 



Fig. 1 , C Fig. 1 , D 
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BESTRIOL/24 HRS. 



Fig. 1, E 

Fig. 1. Counter-current analyses for urinary estrogens (patient K. H.). O, con- 
trol; • , on 200 mg. of testosterone propionate daily; broken line, theoreticals for 
estrone (El), estradiol-17^ (E2), and estriol (E3) with partition coeflScients (,K). A, 
original distributions during control (Curve 1) and on testosterone propionate (Curve 
2). B, Curve 3 from redistribution of tubes 15 to 19 (Curv'e 2) in Solvent Sj'stem 2. 
C, Curve 4 from redistribution of tubes 49 to 52 (Curve 2) in Solvent System 1. D, 
Curve 5 from redistribution of tubes 83 to 87 (Curve 2) in Solvent System 4. E, Curve 
6 from redistribution of tubes 83 to 87 (Curve 1) in Solvent System 4. 

testosterone were first distributed in Solvent System 2 (Table I). The 
distribution curt’’es for both are shown in Fig. 1, A (dhirves 1 and 2) along 
with the theoretical cun'es for estrone, estradiol-17/3, and estriol. 

The control distribution curve (No. 1) revealed that neither estrone 
nor estradiol-17/3 was excreted in detectable amounts before testosterone 
was administered. Cuiw-e 1 had the same maximum (tube 85) as the 
theoretical curve for estriol, but the marked de\dation of the experimental 
from the theoretical indicated that this fluorescent material was not homo- 
geneous, and identification of estriol could not be made on the basis of this 
distribution. Therefore, the contents of tubes 83 to 87 of Cuiwe 1 were 
combined and redistributed for estriol in Solvent System 4 (CJurve 6, 
Fig. 1, E). No estriol was found. 

With testosterone administration, the total amount of fluorescent 
material in the phenolic fraction increased considerably. Three non- 
homogeneous fluorescent fractions separated out during the first counter- 
current distribution (Fig. 1, A, CuiA'e 2). The distribution cur\’e for 
the least polar material had a maximum at tube 15, as compared with a 
maximum at tube 18 for estrone. The distribution curAm of the second 
fraction had the same maximum as estradiol-17/3. The third, most 
highly polar, fraction had the same maximum as estriol. 

In each case there was considerable discrepancj’’ between the experi- 
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mental and theoretical curves, indicating lhat mixtures of fluorescent 
phenolic compounds rvere iiiAmlved. In oi’der to separate these mixtures, 
thereb}'’ permitting identification of individual estrogen components, it 
was necessary to combine the peak tubes for estrone, estradiol-17i3, and 
estriol, respectively^, and redistribute the material in different solvent 
systems. Accordingly, tubes 15 to 19 from Curve 2 were combined and 
redistributed for estrone in Solvent System 3, tubes 49 to 52 (Cuiwe 2) 
were redistributed for cstradiol-17^ in Solvent System 1, and tube.s 83 to 
87 (Curve 2) were redistributed in Solvent System 4 for estriol. 



Fig. 2. Diagrams of paper chromatograms in the chromatographic analysis for 
urinary estrogens (patient K. H.). Reference standards are estrone (Ei)> estradiol- 
17/3 (Ea), and estriol (Ea). Chromatogram A, tubes 15 to 19 from counter-current 
distribution Curve 2, developed in cyclohexene-formamide for 28 hours. Chromato- 
gram B, tubes 65 to 71 (Curve 4) , methjdene dichloride-formamide for 6 hours. Chro- 
matogram C, tubes 57 to 63 (Curve 5), methylene dichloride-formamide for 94 hours. 
Chromatogram D, tubes 57 to 63 (Curve 6), methylene dichloride-formamide for 99 
hours. 

Identification of Estrone {Patient K. H .) — The experimental curve 
obtained upon redistribution of tubes 15 to 19 (Curve 2) for estrone coin- 
cided with the theoretical curve for estrone, except for the base of the 
ascending limb of the curve (Curve 3, Fig. 1, B). The total 24 hour 
excretion of estrone, while the patient was on 200 mg. of testosterone 
propionate daily, was calculated to be 24.1 7. 

Additional evidence for the existence of estrone was obtained by paper 
chromatography. 10 per cent of the material in the pooled tubes (Nos. 
15 to 19 from Curve 2) was applied to a paper chromatogram impregnated 
with formamide as the stationary phase and developed for 28 hours with 
cyclohexene saturated with formamide. With the ferric chloride-ferricya- 
nide reagent previously described, a single phenolic compound was de- 
tected 10 cm. from the starting line (Chromatogram A, Fig. 2). The 
estrone reference standards, which were run simultaneously ^yith 
known, had moved the same distance, identifying the mated '' 
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Idciitificalioii of Eslradiol-17^ {Patient K. H.) — Upon redistribution of 
tubes 49 to 52 from Cur\'e 2, Uvo fluorescent fractions that were not 
completelj' separated ■were obtained (Curve 4, Fig. 1, C). The distribution 
curve for the less polar fraction agreed quite well with the theoretical 
curve for cstradiol-17/3, except for the base of the descending limb of the 
curve where there was incomplete separation from a shghtly more polar 
fluorescent material. The total amount of estradiol-17^ excreted, while 
the patient was on 200 mg. of testosterone propionate daily, was calculated 
to be 16.3 7 per 24 hours. 

This identification by counter-current distribution was corroborated by 
paper chroraatogi'aphj'. The contents of tubes 65 to 71 from Cun^e 4 
were placed on a paper chromatogram with estradiol-17/3 reference stand- 
ards. "ilTien the chromatogram was developed in a methjdene dichloride- 
formamide sj-stem for 6 hours, two phenolic fractions separated out 
(Chromatogram B, Fig. 2). One had moved 14.8 cm. from the starting 
hue, the same distance as the estradiol-17/3 standards. The other phenol 
was slightly less polar and had moved 19.0 cm. from the starting line. 

Analysis for Eslriol {Patient K. H.) — ^XiTien the contents of tubes 83 to 
87 of Cur\'e 2 were redistributed for estriol, three non-homogeneous fluores- 
cent phenolic fractions were partiallj’- separated (Curve 5, Fig. 1, D). 
Because the theoretical cur\'e for estriol did not agree ■with the experi- 
mental curve, estriol could not be identified in this mixture. A compari- 
son. of Cur\-e 5 'uith Cur\’e 6 (control) suggests that some of the imidentified 
^Sudrescent phenolic material might have arisen from the administered 
/testosterone. 

Tubes 57 to 63 from Cun^e 5 were analyzed further for estriol by means 
of paper chromatographjn The chromatogram was developed in a methjd- 
ene dichloride-formamide system for 94 hours. Six distinct phenolic 
compounds separated out (Chromatogram C, Fig. 2). One compound 
had the same mobility as the estriol reference standards, another was 
slightly less polar than estriol, and the other four phenols were more 
polar than estriol. 

Even though one of the phenolic compoimds had the same mobility as 
estriol, it was not considered possible to identify estriol in this mixture of 
phenols with any degree of confidence because of the number of compoimds 
so closely related to estriol in solubility characteristics, even after two 
succe^'ssive counter-current distributions. 

\Similar unidentified phenols were demonstrated by paper chromatog- 
rapLy in the control urine (Chromatogram D, Fig. 2). 

Conversion of Testosterone to Estrogens {Patient M. L.) — ^The conversion 
of testosterone to estrogens in patient K. H. was confirmed in a second 
oophorectomized, adrenalectomized patient (]\I. L.). The phenolic 
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fractions from both the control urine ami that collected while the patient 
Avas on testosterone propionate were prepared as described previously. 
The initial counter-current distribution of the phenolic fraction Avas 
carried out in vSoh'cnt System 1 Avilh tA\'cnt 3 ’--four transfers. The distribu- 
tion curA^cs obtained are shoAvn in Fig. 3, A (Curves 7 and 8). 

There Averc no detectable amounts of estrone or cstradiol-17/3 in the 
initial distribution of the control urine, but cstriol could not be ruled out. 
When tubes 22 to 24 of Curve 7 (control) AA'cre redistributed, as shoAAm in 
Cuiwe 12 of Fig, 3, F, estriol still could not be identified or definitely 
excluded. 

Identification of Estrone (Patient M. L.) — To ascertain Avhether estrone 
AA^as excreted in the urine AA’hile the patient AA\as on testosterone, it Avas 
necessary to redistribute tubes 5 to 8 of Curve 8 (Fig. 3, A). Upon re- 
distribution, CurA^e 9 (Fig. 3, B) was obtained, AA'hich agreed aa'cH AAUth the 
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Fig. 3, E 

Fig. 3. Counter-current analj-ses for urinar 3 ' estrogens (patient M. L.). O, con- 
trol; • , on 50 mg. of testosterone propionate daib'; broken line, theoreticals for es- 
trone (El), estradiol-17/3 (E2), and estriol (E3) with partition coefficients {JK). A, 
original distributions during control (Curve 7) and on testosterone propionate (Curve 
8). B, Curve 9 from redistribution of tubes 5 to 8 (Cun’e 8) in Solvent Sj’stem 3. C, 
Curve 10 from redistribution of tubes 16 to 18 (Curve 8) in Solvent Sj’stem 2. D, 
Curve 11 from redistribution of tubes 22 to 24 (Curv’e 8) in Solvent Sj^stem 5. E, 
Curve 12 from redistribution of tubes 22 to 24 (Curve 7) in Solvent Sj’stem 5. 

theoretical curve for estrone. The total amount of estrone, calculated 
from the counter-current data, was 17.2 y per 24 hours. 

Estrone was also identified by means of paper partition chromatographjf. 
Tubes 48 to 52 from distribution Curv'e 9 were combined and run in a 
toluene-propylene glycol system for 20 hours along with estrone standards. 
A single phenolic fraction, having the same mobility as estrone, was iden- 
tified 26 cm. from the starting line. 

Identification of Estradiol-17^ {Patient M. L .) — In a similar manner, 
estradiol-17|3 was identified in the phenolic fraction obtained while the 
patient was on testosterone. I\Tien tubes 16 to 18 of the initial distribu- 
tion curve (No. 8) were redistributed, the e.xperimental curv^e coincided 
with the theoretical curj’e for estradiol-17/3 (Curj^e 10, Fig. 3, C). The 
calculated amount of estradiol-17/3 was 25.5 7 per 24 hours. 

Estradiol-17/3 was also identified in tubes 48 to 52 of Curv'e 10 by paper 
chromatography. The paper chromatogram with estradiol-17;8 reference 
standards was developed in a methylene dichloride-formamide sj^stem for 
6 hours. In addition to estradiol-17/3, a second phenolic compound, that 
was slightly less polar than estradiol-17/3, separated out. 

Analysis for Estriol (Patient M. Li ) — ^Upon redistribution of tubes 
22 to 24 from Curj’^e 8 for estriol, two mixtures of fluorescent phenols were 
partially separated (Curve 11, Fig. 3, D). Although the maximum of the 
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experimenial curve agreed ‘with that for estriol, it could not be ascertained 
wliethor estriol was present in this mixture because of the failure of com- 
plete resolution of the component fluorescent phenols. Just as vdth 
patient K. H., these phenols could be separated by paper chromatography, 
but estriol could not be positivclj’’ identified because of the number of 
phenols so closely related to estriol. 

SUMAIARY 

When testosterone propionate was administered to two oophorectomized, 
adrenalectomized women with metastatic breast cancer, estrone and 
estradiol-17/3 Avere identified in the urine by the criteria of counter-current 
distribution and paper chromatographj% Neither could be identified in 
the control urines when the patients received no testosterone. Inasmuch 
as both patients were castrated and adrenalectomized, it was concluded 
that the estrone and estradiol-l7i8 originated from metabolism of the 
administered testosterone. 

Many other unidentified phenols were demonstrated in the urine during 
testosterone therapy. It could not be established whether or not testos- 
terone was converted to estriol, because of the number of phenolic com- 
pounds with solubility characteristics similar to those of estriol. 
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Results of studies on pantothenic acid-deficient rats stimulated mth 
anterior pituitarj'’ grondh hormone (1-3) suggest involvement of panto- 
thenic acid, or its metabolically active form, coenzjTne A (4), in the mech- 
anism by which growth hormone stimulates the grovdh process. Lot- 
speich (1), for example, describes the rapid production of S 5 Tnptoms of 
acute pantothenic acid deficiency as a sequel to the administration of 
growth hormone in adult rats maintained on a pantothenic acid-deficient 
diet. Beare, Beaton, and McHenry (2) note that pantothenic acid- 
deficient rats fail to respond anabolically to grovih hormone, while Hazel- 
wood, Bennett, and Nelson (3) have recently reported a reduction in the 
nitrogen-retaining eflfect of growth hormone in normal and adrenalecto- 
mized pantothenic acid-deficient rats. 

These observations, and those of Greenbaum (5) and Greenbaum and 
McLean (6, 7) on adult rats, emphasizing the effects of growth hormone on 
fat metabolism, in which coenzyme A is known to be intimately involved, 
have prompted us to study coenzyme A concentrations in liver and kidney 
tissue obtained from rapidly growing immature normal rats, from im- 
mature rats in which the growth process has been arrested by h 3 q)ophy- 
sectomy, from normal adult rats, and from animals in the last two 
groups in which the growth process has been stimulated with growth 
hormone. 


EXPERIMENTAL 

Animals — ^Female rats of the Sprague-Dawley strain, both normal and 
hj'pophysectomized, were used in all experiments. The hypophysecto- 
mized rats were 28 to 30 days old at the time of operation. 

Diet — All animals were housed in separate cages and were maintained 
on a diet containing 67.5 per cent ground whole wheat, 15 per cent casein, 
10 per cent whole milk powder, 0.75 per cent sodium chloride, 1.5 per cent 
calcium carbonate, and 5.25 per cent com oil (8). The diet was supple- 
mented ivith fresh lettuce and haliver oil. 

Methods — ^In general, body weight and food intake were determined 
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daily for each rat foi' a period of .sufficient duration to c.stablish whether 
tlie animals w'ere growing or in an arrested state of the growth process. 
The animals were then grouped and observations continued for a period 
of 10 da3^s. During this period nitrogen storage and gain in body weight 
w^ere induced in a group of the Ii3’'poph3'.seclomizcd rats and in a group of 
the normal adult animals 1)3' administering intraperitoncalb' a b'ophilized 
preparation of purified growth liormonc’ dissolved in 0.9 per cent saline. 
The hormone preparation was administered to the liypoph3'sectomized 
rats in doses of 50 y per day for 5 da3's and 100 y per da3' for a subsequent 
5 day period. In the experiments in which nitrogen storage was induced 
in normal adult rats, the hormone was administered in doses of 500 7 per 
day for the 10 da3'' period. Upon termination of the 10 day period of 
hormonal stimulation, the treated rats and the untreated controls, both 
normal and hypophysectomized, were sacrificed b3’' stunning and exsan- 
guination. Liver and kidne3' were quickl3’’ excised, weighed, frozen on 
dry ice, and stored at —15° to —20° until convenient for coenzyme h 
determination. Coenzyme A concentrations in tissue w'ere determined by 
the sulfanilamide acetylation procedure of Kaplan and Lipmann (9)- 
Total nitrogen w'as determined by the procedure of Hiller, Plazin, and 
Van Sl3ds:e (10) on aqueous homogenates of tissue prepared for coenz3mre 
A assay. Dry weights were determined on the same homogenates by 
drying an aliquot overnight at 115°. 

Results 

Data on each group of rats, showing the average food intake, initial 
body weight, and change in body weight over the 10 day period of observa- 
tion, are presented in Table I. Liver coenzyme A is expressed in terms 
of Kaplan -Lipmann units of coenzyme A per gm. of wet weight, per 100 
gm. of body weight, per 100 mg. of total homogenate nitrogen, and per 
100 mg. of dry weight. 

As has been previously observed, h3'’poph3’'sectom3'- greatly reduced the 
food intake of the immature rat, and such animals failed to gain weight 
over the 10 day experimental period. Hypophysectomized rats stimu- 
lated with growth hormone gained 15 gm. in body weight and increased 
their food consumption approximately 10 per cent. Normal adult rats 
gained 5 gm., while normal adult rats stimulated with growth hormone 

gained 14 gm. , , 1 inn 

The concentration of liver coenz3'me A expressed on Ine basis 01 lou 

gm. of body weight was found to be significantly lower in both liypo- 
physcctomized immature and normal adult rats than in rapidly growing 

1 3Ve are indebted to the Armour Research Laboratories for a generous sujjpb of 
purified growtli hormone preparation, Somar M-IOSIO. 
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inimature normal rats." Stimulation of tlic normal adult rat -vsith growth 
homrone resulted in a significant elevation in liver coeiizjTne A in this 
animal, while stimulation of the h 3 'pophj"sectomizcd immature rat with 
growth hormone resulted in a somewhat further but insignificant reduction 
in the level of liver coenzjTne A in this animal. 


Table I 

Liver Coenzyme A in Normal and Induced Stales oj Growth* 








Liv'cr cocnz>Tne A, Kaplan-Lipmann 



Body 
K-cight at 
start of 

10 day 
experi- 
mental 
period 

Change 


Termi- 

nal 

liver 

weight 


units 


Group 

No. of 
rats in 
eroup 

n body 
rvcight 
over 10 
day 
period 

Daily 

food 

intake 

per gm. 

wet 

weight 

Per 100 
gm. 
bodv 
weight 

Per 100 
mg. 
total 
homog- 
enate 
N 

Per 100 
mg. do' 
weight 



gm. 

gm. 

gm. per 
day 






Normal, imma- 

6 

169 

+19 

13.1 


150 

559 

465 

50 

ture 






lemm 

(±91) 

(±81) 

(±11.4) 

Hj-pophj'seoto- 

9 

103 

+0 

5.2 



406 

364 

45 

mized, imma- 
ture 






(±22) 

(±70) 

(±69) 

(±11.1) 

Hj’pophj’seoto- 

11 

111 

+15 

5.8 

4.11 

119 

387 

340 

40 

mized, imma- 
ture, stimulated 
rvith growth 
hormonet 






(±15) 

(±42) 

(±53) 

(±11.7) 

Normal, adult 

6 

281 

+5 

12.8 

7.68 

106 

284 

324 

34 







(±4.4) 

(±21) 

(±23) 

(±6.1) 

(t (f 

6 

310 

+14 

13.7 

9.23 

122 

347 

373 

42 

stimulated with 
growth hor- 
monet 






(±16) 

(±41) 

(±44) 

(±5.0) 


* The values tabulated are averages calculated for each group of animals. The 
values in parentheses are standard deviations. 

t Preparation and administration of growth hormone described under “jMethods.” 


Results of coenzjnne A determinations on kidnej’" tissue obtained from 
the same series of rats are summarized in Table II. The concentration 
expressed on the basis of gm. of wet weight, per 100 mg. of total homog- 
enate nitrogen, and per 100 mg. of drj’’ weight was not significantlj’’ al- 

- Data expressed on the basis of units of tissue coenzjTne A per 100 gm. of bodv 
weight were selected for statistical anaij'sis, since it was felt that a better comparison 
of total coenzjTne A concentration in am'mals of different weights would be obtained. 
The methods of Fisher (11) were used in analj-zing the data, and P values <0.01 were 
considered signiScant. 
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tered by hjiiophyscciomy of the imioaiurc rat, by cessation of growth 
in the normal rat as a result of attainment of the adult state, or by stimu- 
lation of the growth process in cither the hypophysectomized immature 
or normal adult rat rvith growth liormone. Although coenzyme A con- 
centration expressed on the basis of 100 gm. of l^ody rveight was found 
to be significant!}'' higher in hypophysectomized immature rats and signifi- 
cantly low'er in normal adult rats than in normal immature animals, there 
appears to be no relationship to the grow'th process. Stimulation of 


Table II 

Kidney Coenzyme A in Normal and Indvccd States of Groivth* 




No. of 
rats in 
group 

Terminal 

kidney 

weight 

Kidney coenzj"mc A, Kaplan-Lipmann units 

Groupt 


Per gm. wet 
weight 

Per 100 gm. 
body 
weight 

Per 100 
mg. total 
homog- 
enate N 

Per 100 mg. 
dry 
weight 

Normal, immature 


6 

gm. 

0.689 

49 

18.3 

174 

23.2 

Hypophj’-sectomized, 

imma- 

9 

0.557 

(±9.8) 

47 

(±3.2) 

25.2 

(±28) 

161 

(±6.8) 

21.5 

ture 

Hypophysectomized, 

imma- 

11 

0.632 

(±7.6) 

51 

(±6.2) 

26.2 

CO 

00 00 

(±4.4) 

23.1 

ture, stimulated 
growth hormone 
Normal, adult 

with 

6 

0.836 

(±5.9) 

45 

(±5.1) 

13.1 

(±29) 

166 

(±3.4) 

20.6 

“ “ stimulated 

6 

0.942 

(±4.7) 

47 

(±1.8) 

14.0 

(±24) 

176 

(±2.3) 

23.9 

with growth hormone 



(±10.0) 

(±3.5) 

(±44) 

(±0.6) 


* The values tabulated are averages calculated for each group of animals. The 


values in parentheses are standard deviations, 
t Same series of animals described in Table I. 

either hypophysectomized immature or normal adult rats wdth growth 
hormone produced no significant alteration in the level of kidney coenzyme 
A in these animals. 


DISCUSSION 

Results of studies on the pantothenic acid requirement of the rat (12) 
seem to indicate that the normal adult requires less dietary pantothenic 
acid than the rapidly growing immature rat. This general observation 
and the finding that metabolically active pantothenic acid is largely 
bound in coenzyme A (4) suggest that the metabolic requirement for 
coenzyme A might also be similarly related to the growth process. The 
results of our studies on the concentration of coenzyme A in liver tissue 
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obtained from rapidly growing immature normal rats, from normal adult 
rats, and from normal adult rats stimulated with growth hormone, as 
well as the results of studies on the concentration of liver coenzj’me A in 
hj'pophj'sectomized immature rats, appear to be in complete agreement 
with this suggestion. Stimulation of the hj'pophysectomized rat ^^'ith 
growth hormone, however, failed to alter the concentration of coenzyme A 
significantlj' in liver tissue obtained from this animal, even though the 
rat was knomi to be storing nitrogen and gaining body weight at a rate 
which approached that for rapidly growuig immature normal animals. 
A priori, tliis anomaly in the otherwise direct relationship between liver 
coenzjTne A and the growth process might be considered to be due to the 
lack of tropic hormones other than growth hormone. In this respect the 
work of Tabachnick and Bonnj'castle (13) on the effects of thyroidectomy 
and thjToxine on the concentration of coenzj-me A in liver tissue is partic- 
ularlj' suggestive. ThjToidectomj’^ resulted in a significant reduction in 
the level of liver coenzj-me A, and stimulation of the thjToidectomized 
rat with thjToxine restored concentrations of liver coenzjane A to normal 
or above. Since the hj'pophj’-sectomized rat is essentiallj’’ hypothjToid 
due to the lack of thjTotropic hormone, the ioabifity of the hj-pophysec- 
tomized immature rat stimulated with growih hormone to increase the 
concentration of coenzyme A in its liver tissue might well be due to thy- 
roxine deficiency. 

In \’iew of the greatly reduced food intake of hj'pophj’’sectomized im- 
mature rats stimulated with growth hormone in comparison with that of 
rapidly growing immature normal rats, it might also be suggested that a 
suboptimal dietary intake or perhaps an alternative metabolic channeling 
of pantothenic acid and amino acids required for coenzjune A biosjuithesis 
could be considered explanatory of the negative effect of growth hormone 
on fiver coenzjnne A in the hypophj^sectomized rat. 

Results of studies concerning the effects of pantothenate and amino 
acid supplementation on fiver coenzjune A in hjqjophysectomized rats 
stimulated with growth hormone, as well as studies on similar rats supple- 
mented with thju-oxine, will form the basis of subsequent reports. 


SUMMARY 

Concentrations of fiver coenzyme A were found to be significantly lower 
in both hjqjophj'sectomized immature and normal adult rats than in 
rapidly growing immature normal rats. Induction of nitrogen storage 
and gain in body weight in the normal adult rat as a result of stimulation 
with anterior pituitary growth hormone are accompanied bj^ a significant 
elevation in the concentration of coenz5me A in the fiver of this animal. 
Stimulation of the growth process in the h3TJophj’-sectomized rat with 
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growth hormone does not significantly alter the level of liver coeuzynie A 
in this animal. Concentrations of kidney coenzyme A do not appear to 
be significantly altered by hypophyscctomy of the immature rat, by cessa- 
tion of growth in the normal rat as a insult of attainment of the adult 
stage, or by stimulation of the growth process in cither the hypophysec- 
tomized immature rat or the normal adult rat with growth hormone. 
There appears to be a direct relationship between li\'er coenzyme A and 
growth in the normal rat. 
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CARBOHYDRATE OXIDASE FROM A RED ALGA, 
IRIDOPHYCUS FLACCIDUM* 

By R. C. BEAN’t and W. Z. IIASSLD 

{From the Dcparlmcnl of Plant Biochc7nislnj, College of Agriculture, Unieersity of 
California, Berkeley, California) 

fReceived for publication. May 27, 1955) 

Enzjnnes capable of oxidizing D-glucose to D-gluconic acid are known 
to be present in bacteria (1, 2), fungi (3), and animal tissues (4, 5). How- 
ever, no such enzyme has hitherto been reported in a photosjmthetic 
organism. It was obser\-ed in the course of a study of the carbohj'drate 
metabolism of the marine red alga, Iridophyciis flaccidiim (6), that cell-free 
extracts of this plant had the ability to oxidize D-glucose to D-gluconic 
acid. Further investigation revealed that this preparation will also 
oxidize D-galactose to D-galactonic acid, and several reducing disaccharides, 
namelj- maltose, lactose, and cellobiose, to their corresponding aldobionic 
acids. It therefore appears that this oxidase differs from other D-glucose 
oxidases in that it can utilize a variety of sugar substrates. 

The present communication is concerned with the preparation of active 
oxidase fractions from this red alga, the purification, and stud}' of the 
properties of the enzyme. 


’ EXPERIilEXTAL 

Assay Methods — ^A standard Warburg manometric method (7) was 
employed for assay of the enzyme. An ahquot of 0.01 to 1.0 ml. of the 
enz}Tne solution, together with 1.0 ml. of a 0.5 ii maleate buffer, pH 5.2, 
was placed in the main chamber of the Warbmg vessel and diluted with 
water to a volume of 2 ml. A 0.5 ml. aliquot of 0.5 xi solution of D- 
glucose (saturation of the enzxnne occurs at approximately 0.02 m glucose) 
or other carbohydrate used as substrate was placed in the side arm. Since 
no carbon dioxide was evolved in the course of the reaction, it was not 
necessary to use alkali in the center well of the main chamber. Materials 
which were tested as inhibitors or activators were mixed with the enzxmie 
in the main chamber or added from a second side arm, depending on the 
conditions of the experiment. Hydrogen peroxide was generated during 
the reaction. In the absence of added catalase the peroxide was not 

* This work was supported in part by a research contract with the United States 
.Atomic Energj' Commission. 

t Present address. Department of Plant Biochemistry, Citrus E.xperiment Sta- 
tion, University of California, Riverside, California. 
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decomposed. Determinations were made without the addition of catalase 
in order to take advantage of the greater rate of oxygen uptake in the 
absence of this enzjnne. An enzyme unit of oxidase was the amount of 
enzyme required to cause the uptake of 1 //mole of oxygen per hour at 30°. 
This value of oxygen uptake also corresponded to the oxidation of 1 //mole 
of D-glucose to D-gluconic acid per hour. 

In addition to the manometric assajq a photometric determination for 
the enzyme, with 2,6-dichlorophenoI-indophenoI, was occasionally em- 
ployed. This assa}'- proved to be useful to rapid checks of oxidase activity 
during the process of fractionation. However, since the photometric 
assa}'- could not be carried out at pH 5, which is the optimum of the reac- 
tion, it was not generallj’’ used. 

Anal5''sis for the gluconolactone was made bj’’ the method of Hestrin (8). 
The enzj’-matic reaction was carried out for varjdng periods in Warburg 
flasks in arsenate buffer (the maleate buffer interfered vdth the lactone 
determination) at pH 5. The reaction was then stopped b}'’ the addition 
of the hydroxylamine in alkaline solution and the h^’^droxamic acid forma- 
tion carried out according to Hestrin’s procedure. 

Extraction Procedure and Fractionation of Enzyme Preparations — ^Fresh 
7. flacciduin (6) plants were rinsed with distilled water, the excess water 
was wiped off, and the material placed in a cold room at —12° for 2 to 4 
hours. The partially frozen thalli were ground in the cold with a hand 
meat grinder having 0.25 inch apertures, 1 kilo of the coarsely ground 
material was taken up in 1500 ml. of distilled water, and the macerated 
tissue allowed to stand overnight at 0^°. After infiltration of the ground 
material bj^ squeezing through four layers of cheese-cloth, 1050 ml. of 
solution were obtained. Upon extraction of the solid residue with 1 liter 
of water and filtration through a cheese-cloth as before, another liter of 
solution wms obtained. The extracts, having almost identical oxidase 
activity, were combined, and the extracted residue, which still contained 
a small amount of activity, was discarded. Before the barium-methanol 
fractionation, the extract was dialyzed overnight against tap Avater. 

Barium-Methanol Fractionation — 60 gm. of BaCIo-2H20 were dissolved 
in 350 ml. of the dialyzed red alga extract and the solution Avas frozen 
overnight. The frozen extract was alloAA^ed to thaAV, the insoluble material 
AAms remoAmd by centrifugation (10,000 X g for 10 minutes), the solution 
cooled in ice to 1°, and 35 ml. of methanol at —10° Avere added over a 
period of 15 minutes. The precipitate of Ioav activity A\ms removed by 
centrifuging for 10 minutes at 0°. The supernatant solution Avas treated 
AAuth another 115 ml. of cold methanol, the temperature being kept beloAV 
2°. After standing for half an hour Avith occasional stirring, the second 
precipitate aa^s removed by centrifugation. 
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The third supernatant solution was further treated with a slow addition 
of 200 ml. of methanol so that the temperature did not rise above 2°. 
After centrifuging for 10 minutes in the cold, the precipitate (Fraction 1, 
Table I) was suspended in 10 ml. of water, dialyzed against tap water for 
2 hours, and then overnight at 1° in distilled water. This fraction (11 
ml.) had an activity of 332 units per ml. 

After precipitation of Fraction 1, the supernatant solution was devoid 
of enzjTnatic activit 3 \ The first two methanol precipitates could be 
resolved into an inactive component and a fraction with a specific acti^dtj’’ 
approximating that of Fraction 1 bj’ subjecting them to a repetition of the 
above procedure. 


Table I 

Emymaiic AclivUics of Exiracis and Fractions 
For the conditions of substrate oxidation, see the te.xt, “Assaj’ methods.” 


Enz>*me preparation 

Enzyme 
units* 
per ml. 

Total 

volume, 

ml. 

Total 

enr>'me 

units 

EnzjTne 
; units* per 
mg. N 

EnzjTne 
units* per 
mg. di>’ 
weigbtt 

Plant extract 

20 

350 


so 


Fraction 1, barium-methanol ppt. 

332 

11 

3S70 



» 2. (NHOsSOt ppt 

437 

7 



141 


* The enzjTne unit is the amount of enzjTne required to cause the uptake of 1 
#imole of oxj'gen per hour. 

t The specific activities of the preparations are expressed on a dry weight basis 
as well as on the basis of mg. of nitrogen in order to show the extent of the removal 
of the contaminating polysaccharide at different stages of purification. 


Fraction 1 was very stable, one sample retaining 90 per cent of its activity 
when stored for 7 months at — 10°. 

Ammonium Sulfate Fractionation — ^Further purification of Fraction 1 
was effected bj^ an ammonium sulfate fractionation. The barium-metha- 
nol fraction (11 ml.) was cooled to 0°, 8 ml. of cold saturated ammonium 
sulfate were added slowly with stirring, and, after allowing the mixture to 
stand for an hour, the precipitate was removed by centrifugation. The 
actmty of this fraction was verj^ low. 

The supernatant solution was further treated with 6 ml. of saturated 
ammonium sulfate in the cold. The precipitate (Fraction 2) was col- 
lected, dissolved in water, and dialyzed overnight against cold, distilled 
water. Fraction 2 had a final volume of 7 ml. and an actmty of 437 units 
per ml. and of 1060 units per mg. of N, which amounted to a 13-fold in- 
crease in activity over that of the diatyzed extract. The nitrogen content 
of the dried material was 13.3 per cent, indicating that most of the con- 
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taminaling pol^y.saccliaridc luul been retnoved at (his stage of purification. 
Expressed on dry weiglil l)asis, ihc final “purification” amounted to a 
36-fold increase in aclivil.y. Fraction 2 was not as stable as the less 
purified fractions. Most of its activitj’’ was lost on further attempts of 
purification. On remaining frozen at —20° for a month, it lost 50 per 
cent of its activity. 

Oxidation of Sugars and Identification of Aldonic Acids — ^The n-gluconic 
and D'galactonic acids derived from the oxidation of D-glucose and d- 
galactose, respectively, by the oxidase wei-e identified by a combination of 
radioactive tracer and paper chromatographic techniques. In addition, 
the oxidation product of n-glucose was isolated as the barium gluconate 
salt and as ciystalline n-gluconolactone, and the compounds Avere identified 
by their physical and chemical properties. 

C'-'-iabeled glucose, galacto.se, and maltose were incubated Mth the 
enzyme and the products Avei-e identified chromatographically by com- 
paring with synthetic samples of gluconic, galactonic, and maltobionic 
acids, procedures previously described being used (6). The results showed 
that the corresponding aldonic acid Avas formed from each sugar in all 
three cases. The chromatographic patterns of the reaction products Avere 
found to be identical AAuth those of c-gluconic, n-galactonic, and malto- 
bionic acids, A\hich had been prepared b3’- bromine oxidation of the radio- 
active D-glucose, D-galactose, and D-maltose, respectiA'-el^'- (9). Hj^'drolysis 
of the enzymatically formed maltobionic acid produced glucose and 
gluconic acids. 

The formation of gluconic acid in the oxidation of the C^Mabeled glucose 
Avas further confirmed by degradation of the chromatographically isolated 
oxidation product to arabinose bj'' treatment AAuth h3’’drogen peroxide in 
the presence of a ferric acetate catalyst (10). 

In another experiment 250 mg. of glucose AA^ere incubated AAUth the en- 
Z3nne. Barium gluconate Avas isolated from the reaction mixture and the 
product recr5’'stallized from methanol and AA''ater to giA'^e 95.1 mg. of the 
pure salt. This enzymatically prepared crystalline form had a melting 
point of 147-148°, and a specific rotation, [«]„ 4-7.9° (c, 1 in AAmter). 
These constants are in good agreement Avith those found for authentic 
gluconate Avhich had been crystallized in the same manner. 

Gluconolactone Avas prepared from pooled barium gluconate fractions 
by a modification of the method of Isbell et al. (11). A yield of 39.8 mg. 
of the lactone Avas obtained. Polarization of this lactone shoAA'ed an 
initial [a] d 4-65.9° after 8 minutes, which gradually changed to a constant 
value of 7.6° after 6 hours. These values agreed closely Avith those of 
D-gluconolactone obtained by other Avorkers (12). 

The primary product of the reaction Avas actually the lactone of the 
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aldonic acid rather than the free acid identified above. That this vas 
the case ^vas shown in two ways. When the enzjTne was allowed to act 
on glucose in the absence of buffer in an 0 X 3 'gen atmosphere, there was a 
slow change in pH at the beginning of the reaction. iVfter replacing the 
oxj'gen with nitrogen to stop the reaction, the gradual drop in pH con- 
tinued to occur, indicating that an acidic group was still being liberated 
even in the absence of oxidation. It was also possible to show formation 
of hj'droxamic acid from the lactone, when the oxidation was earned out 
for 15 minutes and then alkaline hj'drox 3 'lamine was added to stop the 



Fig. 1. Stoichiometrj’ of glucose oxidation and HiOi production. All manometer 
vessels contained 1 ml. of 0.5 xt maleate buffer, pH 5.2, and 1 ml. of enzjTne solution 
in the main chambers, and 0.5 ml. of 0.5 xi n-glucose solution in one of the side arms. 
Vessel 1 (Curve 1) also contained catalase in the main chamber. After mixing of 
the buffered enzj-me solution with the n-glucose in the manometer vessels and al- 
londng the reaction to proceed for 20 minutes, 0.5 ml. of 1 xt sodium acetate solution 
(o.xidase inhibitor), pH 5, was added to Vessels 1 and 2 (Curves 1 and 2), and sodium 
acetate plus catalase to Vessel 3. The reaction is arrested by the acetate, while the 
catalase destroj’s the hj'drogen peroxade formed in A''essel 3. 

reaction. The anal 3 ’'sis for h 3 'droxamic acid formation was cariaed out 1 x 3 ' 
the method of Hestrin ( 8 ). ■\^^len the oxc 3 ’-gen uptake indicated formation 
of 11.6 and 16.4 pmoles of gluconate, 8.7 and 13 pmoles of h 3 'droxamic 
acid were found to be present, respecth-eb'. The fact that the enz 3 Tne 
will oxidize disaccharides having the C-4 h 3 'drox 3 d engaged in the gl 3 ’’cosidic 
linkage (see “Substrate specificit 3 ’'”) indicates that the 5-lactone rather 
than the 7 -lactone is formed in the reaction. 

Properties of Oxidase — ^When the oxidase was allowed to act on d- 
glucose in the Warburg apparatus, h 3 'drogen peroxide was found to be 
produced during the reaction. The stoichiometr 3 ' between 0 X 3 ’^gen uptake 
and h 3 'drogen peroxide formation is demonstrated in Fig. 1 . The rate of 
oxygen absorption in the samples in Vessels 2 and 3 (Curves 2 and 3) is 
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twice as great as that in Vessel 1 to which catalase had been added at the 
beginning of the experiment. When catalase was added after 20 minutes 
to Vessel 3 in the presence of an oxidase inhibitor (sodium acetate), oxygen 
was rapidlj'' evolved equivalent to half that consumed in the absence of 
catalase. This indicates that the .samples are completely free of catalase 
and that 1 mole of hydrogen peroxide is formed per mole of o.xygen con- 
sumed. 

The enzjmie can utilize 2,G-dichlorophenol-indophenol as a hydrogen 
acceptor; in the presence of ox 3 ’'gen, both the djm and ox 3 '’gen are reduced. 
Oxygen appears to be reduced more readily than the dye. Other com- 
pounds, such as meth 3 dene blue, tetrazolium violet, or ferric 3 ’’anide in 
ranges from 10“^ to 10“^ m which iisuall 3 '’ react with flavoproteins, are not 
reduced b 3 '- this enz 3 ’’me under anaerobic conditions. The oxidase does 
not require the addition of an 3 ’’ coenz 3 mies and retains its full activity 
after long periods of dial 3 ''sis. Attempts to split the protein from the 
prosthetic group by treatment with acid and then to reconstitute the 
enzyme were not successful. When the enzyme was treated vdth acid in 
the presence of ammonium sulfate at pH 3, there was no loss of actiwty 
in the precipitated protein. At pH 2 the enz 3 TOatic acti\dty was com- 
pletely lost and could not be restored by the addition of flavin adenine 
dinucleotide or with concentrates of a supernatant solution from boiled 
enzyme preparations. Dialysis against dilute acid (0.01 m) also destro 3 "ed 
the activity irreversibly. 

Absorption spectra given by the partially purified enz 3 '’me and b 3 ’’ the 
split-products after acid treatment of the enz 3 ''me did not show the charac- 
teristic flavin absorption maxima peaks at 450 and 380 m^. Strong 
absorption maxima at 265 and 330 m/z were given by the split-products. 
However, there Avas no correlation betAveen the material responsible for 
these absorption peaks and the enzymatic actiAuty in the fractionations; 
the same absorption peaks were found to be even more pronounced in 
some inactive fractions. 

Substrate Specificity — ^The folloAving carbohydrates AAmre tested as possi- 
ble substrates: n-glucose, n-galactose, maltose, lactose, cellobiose, n- 
glucose, D-fructose, n-mannose, melibiose, raffinose, L-fucose, n-arabinose, 
D-xylose, D-galacturonic acid, n-glucuronolactone, n-glucose-G-phosphate, 
dulcitol, glycerol, glycerol phosphate, a-methyl-n-glucoside, and 2,3- 
methyl-n-glucose. Of these compounds only the first fiA'^e listed Averc 
found to be attacked by the oxidase preparations (see Table II). 

All the organic compounds tested as inhibitors (Table IV) Averc also 
examined to determine AAhether they caused oxygen absorption or carbon 
dioxide evolution in the presence of the enzyme under normal conditions 
of enzymatic oxidation. None of these substances AA^ere found to be active 

in this respect. 
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Table II represents the rate of oxidation of five carbohydrates found to 
be attacked by the oxidase preparation. That the same enzyme is prob- 
ably responsible for the oxidation of both n-ghicose and n-galactose (and 
possibly for the three disaccharides) is .shown by the fact that the ratio of 
the rates of oxidation of D-glucose and D-galacto<e is constant at all stages 
of the enzyme purification (Table III). .-Vn exjx!riment in wliich saturat- 
ing amounts of both D-glucose and D-galactose were added to the incuba- 

T.\ble II 

Rales of Oxidaiion of Various Carbohydrate Substrates by 1. Jlaccidum Oxidase 


For conditions of substrate oxidation, see the text 
concentrations of sugars were used. 

, “Assay methods.” 0.1 m 


Micromoles Os per min. per ml. 


cnr>*ine 

D-Glucose . . . . 

4.3 

D-Galactose . . . 

4.3 

Lactose . . 

2.1 

Maltose .... 

2.0 

Cellobiose 

1.3 


Table III 

Comparison of Rates of Oxidation of o-Glucose and o-Galactose at Different Siayes of 

Enzyme Fractionation 


0.1 M concentrations of D-glucose and D-galactose tvere used, and the o.xidations 
were carried out as described under “Assay njethods.” The %'alues are given in 
micromoles of Oj per hour per ml. of enzj-me. 


Enzj'rae preparation 

D-GIucose 

D-Galactose 

Acthntj' ratio, i>- 
galactose to D-glucose 

Extract 

20 

18 


Methanol ppt. 

40 

34 1 


Fraction 1, barium-methanol 

332 

300 


Fraction 2, ammonium sulfate 

437 

1 

390 



tion mixture showed that no increase in the rate of oxygen uptake occurred 
over that found when D-glucose alone was present. 

The INIichaelis constant for D-glucose was found to be 0.0025 ji and that 
for D-galactose 0.005 m. These constants are of the same order of magni- 
tude as K„ for D-glucose with notatin, which is given by Keilin and Har- 
tree (3) as 0.0042 m. 

The disaccharides appear to be oxidized directly without preliminary' 
hydrolysis. This is shoTvn by the formation of maltobionic acid from 
maltose and the fact that, when the reactions are allowed to proceed to 
completion, the total oxygen consumption -with the disaccharides is equal 
to that obtained with equimolar amounts of the monosaccharides. 
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Fig. 2. Comparison of enzymatic action on a and /3 isomers of glucose. 0, 
or-D-glucose; 0 , /9-D-gIucose. 0.75 ml. of arsenate buffer, 0.25 ml. of enzj^me solution, 
and 2 mg. of dry, czystallinc a- or /9-D-glucosc were added from the side arm at zero 
time to give 0.011 m concentration. The /9-D-glucose contained 85 per cent of the 
/3 isomer. 


Table IV 


Inhibition of Sugar Dehydrogenase from I. flaccidum 


Compound 

Per cent inhibition*'f 

10-5 jj 

10-5 

10-5 11 

10">l£ 

Mercuric chloride 

5i 

100 



Lead acetate 


100 



Silver nitrate 

50 

100 



p-Chloromercuribenzoate 

2-5 

25§ 



Acetate, sodium 


21 

63 

95 

Propionate, sodium ... 


19 

60 

90 

Pyruvate, potassium 



20 


Benzoate, sodium 



100 


D-Mannosef 




40 


Assay conditions, except in the case of n-mannose and D-x 3 dose; 1 ml. of maleate 
buffer, 0.5 ml. of enzyme solution in the main chamber of the manometer vessel; 
0.5 ml. of 0.5 M D-glucose in Side Arm 1; 0.5 ml. of inhibitor test solution in Side Arm 
2. Rates of oxygen uptake were checked with n-glucose alone in each experiment, 
and then the inhibitor was added from Side Arm 2 to determine the inhibited rate. 

* Other compounds were tested which caused no inhibitory effects; 10“^ M con- 
centrations of copper sulfate, aluminum sulfate, zinc chloride, magnesium chloride, 
calcium chloride, sodium formate, sodium butj'^rate, sodium lactate, sodium glyco- 
late, sodium gljm.xylate, sodium citrate, sodium succinate, sodium Versenate, 
hydroxylamine h3'^drochloride; lO^^ ai barium chloride, and D-.\3'lose and acetalde- 
hyde. 

f The glucose in the mannose and .x 3 ’’lose e.xperiments was added as 0.01 ai solu- 
tion to give a final concentration of 0.002 ai instead of the 0.1 ar final concentration 
used in the rest of the e.xperiments. 

i Mercuric chloride at 10~^ ai gave 60 per cent inhibition. 

§ Actual concentration of p-chloromercuribenzoate was 2 X 10'"' ai. 
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When the a and ^ isomers of D-glucosc were tested with the enzyme at 
low concentrations, it was found that the ^-D-glucose was oxidized at a 
slightly higher rate than the a isomer (Fig. 2). 

Inhibitor Action— The compounds tested for inhibition of the enz 3 nnatic 
actu-ity are listed in Table JX. Although Hg+^, Ag+, Pb^, and p-chloro- 
mercuribenzoate do not inhibit the enzj'me, it is doubtful that the slight 
inliibitorj' effects at low concentrations are connected wth any specific 



Fig. 3 Fig. 4 

Fig. 3. Inhibition of dehj'drogenase action by acetate. O, glucose; •, glucose -h 
acetate. The main chamber of the manometer vessel contained 0.5 ml. of 0.5 M 
maleate buffer, pH 5.1, 0.2 ml. of enzyme solution, 0.3 ml. of water in the controls, or 
0.3 ml. of 0.05 M sodium acetate, pH 5, in the inhibited series. The side tubes con- 
tained 0.5 ml. of D-glucose solutions of dilutions to give the desired final concentra- 
tions. Lineweaver-Burk plot (13) of data. S, the substrate concentration in moles 
per liter; V, the initial rate in micromoles of O 2 per minute. 

Fig. 4. Change of oxidase activity with pH; • , phosphate buffer, 0.5 51 ; O, phos- 
phate-citrate buffer, 0.5 m. The conditions for pH-activit 3 - determination are de- 
scribed in the text under “Optimal pH.” 

effect invohdng an active enzyme group. No other metals tested had 
any inhibitorj^ effect on the enzjTne. The lack of inhibition by Yersene 
indicates that a metal is probabty not connected with the actiirity unless 
it has formed a verj' firm complex with the protein. 

The inhibition of the enzjTne bj*' the anions, acetate, propionate, ben- 
zoate, and pj’^ruvate caiuiot be explained at this time. Since formic and 
butjnic acids have no effect on the activitj' of the enzjTne, it appears that 
the inhibition is specificallj’’ limited to the 2- and 3-carbon members of the 
fatty acid group. When acetate or propionate was used, it made no dif- 
ference in the degree of inhibition whether the source of the anion was the 
cr 3 -stalline salt or the free acid. Thus it is probable that the acetate and 
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propionate themselves, rather than some impurity, arc responsible for the 
inhibition. As shown in Fig. 3, tlic effect of acetate is non-competitive 
with D-gliicose. 

D-Mannose, but not D-xylo.se, acts as a weak competitive inhibitor of 
the reaction with n-glucosc. I’lie clTcct of n-mannosc is perceptible only 
at fairl}'' high ratios of D-mannose to n-glucosc. 

Optimal pll — The pH optimum for the oxidase was determined by using 
phosphate-citrate IjufTer ns well as phosphate bufTer alone, adjusted to 
the desired pH. 1 ml. of the envyme solution was added to 1 ml. of the 



0 10 30 50 100 200 500 1000 2000 

TIME IN MINUTES 

Fig. 5. Oxidation of glucose in vivo hy I.flaccidian. O, glucose; #, unidentified 
compound; A, gluconic acid. For each time point in the chart, 0.14 mg. of C‘‘- 
labeled glucose (42 ^c. per mg.) in 0.2 ml. of water was incubated with two disks of 
90 mg. each of the thallus for a given time period. The disks were inactivated and 
extracted with hot alcohol. Aliquots of the extracts were analyzed by paper chroma- 
tography in two dimensions and the radioactivity in each component was counted 
directly on paper. 

buffer, and the pH was then checked on a Beckman pH meter. Since in 
some cases the pH changed vdth the progress of the reaction due to forma- 
tion of gluconic acid, in order to obtain the initial rate of reaction it was 
necessary to extrapolate the oxygen uptake curve for each pH value to 
zero time to determine the true value for the rate at that pH. The data 
show that the pH optimum for the reaction is about 5.0 (Fig. 4). Slow 
denaturation of the enzyme occurred at pH values above 7.5. 

Investigation of Oxidase in Vivo — Experiments similar to those performed 
by Putman and Hassid (14), in which C^'‘-labeled glucose was infiltrated 
into actively metabolizing disks, demonstrated that the oxidase functioned 
in vivo. The results on infiltrating C”-labeled n-glucose are illustrated in 
Fig. 5. The data show a gradual diminution of activity in glucose and a 
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simultaneous appearance of acti\'it 5 ’- in gluconic acid and in a transient, 
unidentified compound. At the end of the reaction most of the activity 
was found in gluconic acid. 

The results v-ith infiltrated C‘*-labeled D-galactose were similar to those 
obtained with radioactive D-glucose. The aldonic acid and an unidentified 
compound were simultaneously produced. At the end of the incubation 
period the acthdty was found to reside almost quantitative!}" in the galac- 
tonic acid and its lactones. 

Gluconic acid was also identified as one of the C^^-labeled products 
when the plant was allowed to photos}’nthesize in the presence of 
( 6 ). 


DISCUSSION 

Two s}"stems which oxidize D-glucose to D-gluconic acid have been 
thoroughly studied. The first, D-glucose oxidase (notatin), which exists 
in PeniciUiitm nolatum and possesses flavin adenine dinucleotide as its 
prosthetic group (3), is quite specific for D-glucose; no other sugar is 
oxidized by this enz}Tne at a rate greater than 1 per cent of that of d- 
glucose. Sodium nitrite, /3-hydrox}’’quinoline, and semicarbazide are the 
only substances found to have an appreciable inhibitory effect on notatin. 
The second, the mammalian D-glucose dehydrogenase system (4), depends 
upon the p}’Tidine nucleotides as its coenz}Tnes. This enz}Tne is also 
highly specific for D-glucose, although it attacks D-x}dose to some extent 
(5). It is inhibited by a low concentration of hea\’y' metals. A third 
system, which depends upon a modified c}'tochrome transport path (1), is 
found in Pseudomonas fiuorescens. This system is specific for D-glucose 
and is strongly inhibited by cyanide. 

Since the generation of hydrogen peroxide is frequently associated nith 
flavoprotein oxidation, it is probable that this enz}Tne contains a flagon 
coenz}Tne. However, spectrographic analysis of the enzyme preparation 
did not show the presence of a fla^’in group. The inability to demonstrate 
this group may be attributed to the low purity of the enz}Tne preparation. 
Comparing the rate of oxidation of D-glucose by this impure oxidase prep- 
aration with that by pure notatin on dry weight basis, it is found that the 
former is about 25 times less active than the latter. In its beha^dor to- 
ward heavy metals, the Iridophycus enz}Tne appears to be similar to the 
mammalian dehydrogenase. However, in its substrate specificity it dif- 
fers radically from all the other known oridases. The fact that the Ir- 
idophycus oxidase is capable of oxidizing D-glucose and D-galactose but 
not D-mannose indicates that the enz}'me is specific with regard to the 
C-2 configuration and is non-specific nith regard to that of C-4 in the 
hexose chain. Since this enz}Tne is also capable of oxidizing the disac- 
charides, lactose, maltose, and ceUobiose, it can be concluded that the 
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h3'-droxyl of C-4 maj’- be substituted bj' a D-glucose or D-galactose unit 
without greatl}'- affecting the activity of the enzyme. A 6-carbon sugar is 
apparently required, since the enzjune shows no activity toward D-xylose 
or L-arabinose, which are the pentose analogues of D-glucose and D-galac- 
tose, respectively. Inasmuch as modification of the hydroxyl group at 
C-6 of D-glucose by substitution, as in melibiose, or by oxidation of C-6 of 
D-galactose, as in galacturonic acid, prevents the enzymatic reaction from 
talcing place, the primary C-6 hydroxyl appears to be indispensable. 

The function of direct oxidation of sugars in living cells is not clear. 
Although there is evidence that the gluconate produced in the red alga is 
slowly utilized, its rate of accumulation appeal’s to exceed greatl}’’ that of 
utilization. 


SUMMARY 

A cell-free enziune preparation capable of oxidizing D-glucose to d- 
gluconic acid, D-galactose to D-galactonic acid, and the disaccharides, 
maltose, lactose, and cellobiose, to their corresponding aldobionic acids 
has been obtained from the red alga Iridophycus flaccidiim. In these 
reactions oxygen is consumed and H 2 O 2 is formed. The optimal pH for 
the oxidation is approximatelj’’ 5.0. 

The enz^mie appears to be specific with regard to the C-2 configuration 
of the hexose chain. It j’emains active when the C-4 configuration is 
changed or when the h.ydrox^d on this carbon is substituted bj^ a D-glucose 
unit. 

The enzyme from the algal extract was partiall 3 '’ purified b 3 '’ fractiona- 
tion with methanol in the presence of barium followed b 3 '’ ammonium 
sulfate precipitation. 
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A ^lAlM^IALIAN 3a-HYDR0XYSTER0ID DEHYDROGENASE 
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The reduction of a,j3-unsaturated 3-ketosteroids to their corresponding 
saturated 3-alcohols comprises a major pathway of metabolism of Cig and 
(Uii steroids (1). A preliminarj' report from this laboratorj- (2) described 
a cell-free preparation of rat liver capable of catal 3 'zing the two-step 
reduction of cortisone to tetrahydrocortisone with reduced pjTidine nucleo- 
tides as hj’drogen donors. The first reaction involves the hj'drogenation 
of the double bond of ring A by TPNH* to produce dihydrocortisone. 
The present communication deals in detail vdth the second step of the 
proposed mechanism, i.c. the interconversion of dihj'drocoTtisone and 
tetrahydrocortisone as follows : 

DHC -h DPNH -b H+ THC + DPIs+ 

It is shomi that the enzjTne catalj’zing this reaction is also involved in 
the formation of other 3a:-hj'droxj’-steroids, and therefore is similar to the 
bacterial 3a-hydroxysteroid dehj'drogenase studied bj" Talalaj’’ and Marcus 
(3). 


Materials and Methods 

Substrates — ^Dihj’^drocortisone, pregnane-3a ,11/3, 17a ,21-tetrol-20-one, and 
cortisone were generously donated bj' Merck and Compan 3 ^ Etiocholane- 
3,17-dione and androstan-3^-ol-17-one were kindlj’- supplied bj* Dr. 
Ralph Peterson. Androstane-3,17-dione, androstan-17/3-ol-3-one, choles- 
tan-3-one, coprostan-3-one, and A‘-androstene-3 , l7-dione were obtained 
from the Chemed Manufacturing Companj^, 'White Plains, New York. 
All steroids emploj^ed were chromatographicaUj’' pure. 

Preparation of Substrate Solutions — ^Because of their relative insolubihtj^ 
in water, supersaturated solutions of the steroids were made as follows: 
Either a known quantity of the compound was dissolved in a small volume 
of absolute methanol which was diluted rapidlj’’ with suflcicient hot water 

* The abbre\nations used in this communication are DHC (dihydrocortisone), 
THC (tetrah 3 -drocortisone), DPN"^ and DPNH (oxidized and reduced diphospho- 
pyndine nucleotides, respectivelj"), TPN"*^ and TPNH (oxidized and reduced triphos- 
phopj’ridine nucleotides, respective!}'), Tris (tris(h}'droX 3 'meth 3 'l)aminomethane), 
PCMB (p-chloromercuribenzoate), and PO4 (sodium phosphate). 
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to make a final methanol concentration of 10 per cent (volume per volume), 
or boiling water was added directly to the dry stei'oid and the mixture was 
shakeii vigorously in a mechaincal shakei- for 5 minutes, following which 
any material not dissolved was removed by centrifugation. In each case, 
the concentration of the dissolved steroid was determined bj'- an ap- 
propriate procedure. For IT-hj^droxycorticosteroids, a modified Porter- 
Silber reagent was used (4), and for 17-ketosteroids the Zimmermann 
reaction was employed (5). 

Coenzymes— D'?'^+ “90,” TPN+ “80,” DPNH “90,” and TPNH “90” 
were obtained from the Sigma Chemical Company, St, Louis, Missouri. 
TPNH was also prepared by the Itydrosulfite reduction procedure of 
Kaplan et al. (6). The extinction coefficient of reduced p3Tidine nucleo- 
tide at 340 m/i was taken to Ije 6.22 X 10® sq. cm. per mole (7). The 
concentration of DPN+ and TPN+ was determined spectrophotometrically 
b}^ reduction ^vith glucose in the presence of the purified beef liver glucose 
dehydrogenase of Strecker and Korkes (8). The DPNH concentration 
was determined spectrophotometricalb'- 63'- its oxidation with pyruvate 
and lactic dehydrogenase.^ 

Enzyme Assay — The activity of the dehydrogenase was calculated from 
the initial rate of DPNH oxidation measured at 340 m^ in a Beckman 
model DU spectrophotometer. The reaction Avas carried out in quartz 
cells haAung a 1.0 cm. light path and a 1.3 ml. eapacit 3 % Normalb’’ the 
reaction velocit 3 '- was linear Avith time for 45 seconds and an enzyme prep- 
aration Avas defined as that haAong 1 unit of actiA'it3’' if it caused a decrease 
in optical density of 0.01 per minute measured during the interval 15 to 
30 seconds after addition of the enzyme to the reaction mixture. Specific 
activity Avas defined as units of acthdty per mg. of protein. Protein was 
estimated according to Warburg and Christian (9). 

Fig. 1 shoAA^s the dependence of reaction Amlocit 3 '’ on enzyme concen- 
tration. Only the linear portion of the curve (less than 1 mg. of protein) 
AA’^as used for enz 3 mie assa 3 ’'. Tlie deAuation from linearity at higher 
protein concentrations Avas assumed to be due to the fact that at increased 
reaction A^elocities the 15 to 30 second intei’A'-al used in the assa3" did not 
represent the true initial rate but gave a falsely Ioav value. In the purified 
enz 3 ^me preparation, there AA^as no DPNH oxidation or DPN+ reduction 
in the absence of substrate. In cruder preparations these interfering 
reactions AA^ere either absent or present to such a slight degree that they 
represented at most 5 per cent of the enz 3 ^mc activity being measured. 

Results 

Purification of Enzyme — The dehydi-ogejiase AA^as present in rat liver, 
kidney, and testis, but not in the other rat organs tested (Table I). A 

- Kindly supplied by Dr. W. W. Kielley. 
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fresh dog liver preparation was active initially but deteriorated com- 
pletely wthin 2 hours at 0°. Rabbit liver extracts were also active, but 
no significant activitj' was detected in extracts of beef, hog, guinea pig, 
mouse, or human liver, perhaps because of pronounced lability such as 
was observed in the dog. Rat liver was selected as a convenient source of 
the enzjnne. 



Fig. 1. Enzjine-velocity curi’e. The cuvettes contained 0.05 ^mole of DP2CH, 
0.11 /xmole of DHC, 20;imoles of PO< buffer, pH 7.4, and enzyme in a total volume of 
1.1 ml. The reaction was started by the addition of the enzjTne. 


T.abce I 

Distribulion of Sa-Hydroxt/sleroid Dehydrogenase in Bat Tissue 


Tissue 

Specific activitj** of tissue extract 

Liver 

26.8 

Kidney 

9.8 

Testis 

6.2 

Lung 

0 

Spleen 

0 

Muscle ... , , . . . ... 

0 

Brain . . ... . . 

0 


* Units per mg. of protein. 


Rats were killed by a sharp blow on the head and their hvers were 
rapidly excised and chilled. They were then weighed and homogenized 
in a Waring blendor for 30 seconds with 2 vol um es of cold 0.1 si Na2HP04 
adjusted to approximatelj' pH 7. Subsequent operations were cariied 
out at 0-3°. The homogenate was centrifuged at 10,000 X g for 10 min- 
utes and the precipitate was discarded. 

A solution of ammonium sulfate, saturated at room temperature, which 
had been neutralized to pH 7 with NBUOH, was added, with stirring, to 
the supernatant solution until it was 55 per cent saturated vith ammonium 
sulfate. Stirring was continued for 20 minutes, following which the 
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mixture was centrifuged at 10,000 X g for 10 minutes. The precipitate 
was discarded, and the supernatant solution was made 70 per cent saturated 
■with neutralized ammonium sulfate. After 20 minutes the mixture was 
again centrifuged and the precipitate was dissolved in 15 to 20 ml. of 
cold distilled water and dialyzed for 4 hours against 4 liters of distilled 
water. Any precipitate which formed during the dialysis was centrifuged 
and the protein concentration of the remaining solution was determined. 
The enzyme was treated 'with calcium phosphate gel (10) as follows: A 
gel suspension which had been aged for 18 months was centrifuged and the 
supernatant fluid was decanted. Enough gel was used so that the ratio 
of the protein to the dry weight of gel was 2:1. The enzyme solution was 
added to the sedimented gel and the mixture was stirred for 15 minutes 
and then centrifuged. The supernatant solution which contained all the 
steroid dehydrogenase activity represented approximately a 2-fold purifi- 
cation. 

Ethanol, wliich had been chilled at —10°, was added dropwise to this 
solution until its concentration was 20 per cent. After 20 minutes, the 
resulting precipitate was removed by centrifugation at —5°. The super- 
natant solution was kept at —5°, and ethanol was again added until its 
concentration was 30 per cent. Again, after 20 minutes, the precipitate 
which formed was collected by centrifugation at —5° and dissolved in 
15 ml, of distilled water. This solution was used for most of the experi- 
ments described. An additional 3-fold purification could be obtained if 
the enzyme was adsorbed on an equal weight of centrifuged calcium 
phosphate gel and eluted with 0.5 m phosphate buffer at pH 7.0. The 
results of this procedure were quite erratic, however, and it was not em- 
ployed regularly, A summary of the purification procedure appears in 
Table II. It should be noted that there was a considerable increase in 
total activity following the first ammonium sulfate precipitation. When 
the crude extract was prepared with an all-glass homogenizer instead of a 
Waring blendor, no such increase in activity was observed. This was 
interpreted to mean that an inhibitor, probably the result of fragmenta- 
tion of subcellular particles by the blendor blades, was removed by the 
first ammonium sulfate precipitation. No further study of this phenome- 
non was undertaken. 


Properties of Enzyme 

Stability — ^The first ammonium sulfate fraction was stable for at least 3 
weeks at 3°, but its activity declined about 50 per cent in that time at 

- 10 °. , 
The most purified preparation lost between 80 and 100 per cent of its 

activity in 5 days stored at — 10° and about 50 per cent of its activity at 3°. 
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The addition of DPN’^ or dih 3 ’drocortisone did not retard this deteriora- 
tion. 

Effect of pH — The oxidation of DPNH b}- dih 3 ’drocortisone proceeds at 
a maximal rate between pH 7 and S in either Tris or phosphate buffer 
(Fig. 2). 


T.-ible II 

Summary of Enzyme Purification 


Fraction 

Volume 

Units 

Speci6c activity* 


ml. 

1 


Initial extract 

250 


4.9 ■ 

Ammonium sulfate ppt 

40 

74,500 

64i 1 ’ 

CajCPO/); gel e.xtract 

40 

74,500 

130 , 

Ethanol (20-30%) 

lo 


375 


* Units per mg. of protein. 



Fig. 2. Effect of pH on reaction velocitj'. The cuvettes contained 0.09 /irnole of 
DPNH, 0.11 //mole of DHC, 20 //moles of Tiis buffer, and enzjTne in a total volume 
of 1 ml. 

The reduction of DPJs by THC proceeds at a maximal I'ate between 
pH 8 and 8.3 but drops off rapidl 3 ’- above that value. 

Substrate Affinity ^The relation between reaction velocit 3 ^ and concen- 
tration of reactants is shown in Fig. 3. The for dih 3 ’'drocortisone is 
calculated to be 10-^ ji, and that for DPNH is 1.5 X 10'= m. TPNH 
purchased commerciall 3 " or prepared enz 3 'maticall 3 ' with glucose deh 3 'dro- 
genase had the same activity as DPNH. TPNH reduced by h 3 ^dro- 

sulfite, honei'er, had no activit 3 ' with an 3 ' of the enzvme preparations 
tested. 
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DPNH CONIC. M X 10^ 



0.5 1.0 1 5 

DHC CONC. M X lO** 



Fig. 3. Effect of concentration of reactants on reaction velocity. A, the cuvettes 
contained O.OSAiniole of DPNH, 20pmoles of P0< buffer, pH 7.4, enzyme, and substrate 
in a total volume of 1.15 ml. B, the cuvettes contained 0.11 /imole of DHC, 20;umoles 
of PO4 buffer, pH 7.4, enzyme, and DPNH in a total volume of 1.15 ml. C, the cu- 
vettes contained 0.11 ftmole of THC, 20 ;imoles of PO4 buffer, pH 7.4, and ])yridine 
nucleotide in a total volume of 1.15 ml. 
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In the reverse direction DPN+ and TPN+ function equallj’’ veil. Fig. 
3, C shows the reaction velocitj* as a function of oxidized p 3 Tidine nucleo- 
tide concentration. The K„ for DPN+ and TPN"*" is 4 X 10~^ M. 

Inhibition by Sidflujdryl Rcagcids — ^The presence of sulfhj^drj'l groups in 
the enzj'me was suggested bj’ the inhibitorj' effect of heavj' metals and 

Table III 

Inhibition by Sulfhydryl Reagents 

The cuvettes contained 0.05 pmole of DPNH, 20 ^imoles of PO« buffer, pH 7.4, 0.11 
/imole of DHC, enzj-me, and inhibitor to a volume of 1.2 ml. The enzyme was pre- 
incubated for 10 minutes at room temperature with buffer and the compounds noted 
below, and the reaction was started by the addition of the remaining components. 


Rea^nts preincubated Tvith 
cnzj'rae and buffer 

Reagents initiating reaction 

Per cent 
inhibition 

Cu++, 10-< M 

DPNH, DHC 

100 

Iodoacetate, 10~* m 

tt 

it 

50 

None 

« 

“ PCMB, 10-5 M 

100 

DHC 

tt 

PCMB, 10-‘ M 

46 

DPNH 

DHC, 

tt 2Q-5 tt 

78 



Fig. 4. Effect of PCMB on reaction velocity. The cuvettes contained 0.05 pmole 
of DPNH, 0.11 /imole of DHC, 20 nmoles of POi buffer, pH 7.4, PCMB (or water), and 
enzjTne in a total volume of 1.1 ml. O, no PCMB. 

iodoacetate. The enzyme could be partially protected against PCMB 
inhibition bj^ preincubating it with substrate or DPNH before the addition 
of PCMB (Table III). By the use of Lineweaver-Burk plots (11), PCMB 
was found to be a non-competitive inhibitor with respect to DHC (Fig. 

Determination of Equilibrium Constant — ^The value for the equiUbrium 
constant, = ((THC)(DPN+))/((DHC)(DPNH)(H+)), is calculated 
from a knowledge of the extent of DPNH oxidation and of the initial 
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concentrations of the reactants and is about W. The data are presented 
in Table IV. 

Substrate Specificity — 3a-Hydroxysteroid dehydrogenase attacked both 
Cig and C 21 3-ketosteroids regardless of the configuration of the A-B ring 

Table IV 

Deter minaiion of Equilibrium Constant 

The cuvettes contained 20 /:<moIes of phosphate buffer, enzyme, and the additions 
noted below in a volume of 1 nil. 


Experiment 

No. 

DPNH concentration, 

M X lOJ 

Initial 

DHC 

concentration, 

M X 103 

pH 

•^eq. 

Initial 

Final 

1 

0.0725 


0.081 


1.12 X lO’^ 

2 



: 0.184 


1.16 X 10^ 

3 



0.073 

7.0 

1.08 X 10^ 

Average 

1.12 X 10’ 


Table V 

Substrate Specificity 

The cuvettes contained 0.05 /imole of DPNH, 0.11 //mole of substrate, 20 /jmoles of 
phosphate buffer, pH 7.4, and enzyme to a volume of 1.15 ml. 


Substrate 

Relative rate of reduction 

Dihydrocortisone 

100 

Pregnane-ll/S, 17a,21-triol-3,20-dione 

36 

Etiocholane-3, 17 -dione 

110 

Androstane-3, 17 -dione 

22 

AnrlrnRf.Rn-IT/^-ol-S-nnft 

38 

Cholestan-3-one 

i 0 


0 

O.nrt.isrvDP. 

0 

17-riionfi 

0 


0 

Cyclohexanone 

0 


Acetone 


junction, although A-B cis steroids were reduced more actively than their 
A-B trails isomers (Table V). The presence of the isooct3d side chain in 
cholestanone and coprostanone prevented the reaction, as did the presence 
of the a,iS-unsaturation of cortisone and A^-androstene-3,17-dione. 

17-Hydroxy-3-ketosteroids did not oxidize DPNH and 3^-hydroxy- 
steroids were not oxidized in the presence of the enzyme and DPN+. 
Cyclohexanone was not reduced by the purified preparation. 
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The data in Table VI suggest that a single enzyme catalyzes the reduction 
of both Cio and C;i steroids, since ratios of specific activities are relativelj’’ 
constai\t in preparations of differing purity. It should also be noted that 


Table VI 


Rdalivc Activities (Units Per Mg. of Protein) of Different Enzyme Preparations with 
C:i and Cu Steroids yls Substrate 


En2>Tne 

DHC M) 

Etiocholane-^,17- 
dione (B) 

Initial extract 

13 

14 

Arnmnniiim sulfate ppt 

100 

110 

CajtPOd" E^l extract 

225 

225 

Ethanol ppt 

690 

695 

CajtPOOj gel eluate 

2000 

2050 



Table VII 


Chromatography of Steroid Substrate and Reaction Products 


Compound 

Solvent sj'stem 

Distance 
run for 16 
hrs. 



cw. 

DHC 

Benzene-methanol -HiO 

15 

THC 

(( 

43 

Reaction product of DHC 

(( 

43 

Pregnane-lljS, 17a,21-triol-3,20-dione | 

tt 

34 

Pregnane-Sa, 11^, 17o!, 21-tetrol-20-one 

(< 

10 

Reaction product of pregnane-11/3, 17a, 21- 
triol-3,20-dione 

(( 

10 

Etiocholane-3, 17-dione 

Cyclohexane-methanol-HiO 

33.5 

Etiocholan-3a-ol-17-one 

ce 

20.5 

Reaction product of etiocholane-3, 17- 
dione 

c c 

20.5 

Androstane-3, 17-dione 

ft 

32.5 

Androstan-3a-ol-17-one 

fi 

24.5 

Reaction product of androstane-3, 17- 
dione 

tt ' 

24.5 


preparations, which had been partially inactivated by heat, dilute acid, or 
aging, retained relatively constant Ci 9 ;C 2 i activity ratios. 

Identification of Products of Reaction — For purposes of identification, 
0.3 nmole of substrate, 0.5 nmole of DPNH, 800 y of enzjmie protein, and 
20 nmoles of phosphate buffer were incubated in a total volume of 2 ml. 
at 38° for 30 minutes. The steroids were extracted with methjdene chlo- 
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ride and subjected to paper chromatography according lo a modification''* 
of the Bush system (12). 

The benzene-metlianol-water mixture was used to separate and identify 
C21 substrates and metabolites. They were located on paper by means of 
the blue tetrazolium spray for reducing steroids (13). 

The products of Cio steroid metabolism were chromatographed in the 
cyclohexane-methanol-water system and located b3’' spra^dng the paper 
with the 7n-dinitrobenzene reagent of Zimmermami (5). 

In eveiy case, known compounds wei'e chromatographed together with 
the products of the reaction. Their mobilities are presented in Table VII. 

The enzymatic reduction of both the C19 and C21 3-ketosteroids jdelded 
onl}'’ a single metabolite detectable bj'^ paper chromatographj’', and in each 
instance this had a mobilit}'- identical with that of the corresponding 3a:- 
hj^droxysteroid. 

Further identification of the metabolic products was obtained b}’’ exami- 
nation of their sulfuric acid chromogens (14) from 220 to 600 m/i. Fol- 
lowing chromatography, the metabolites were eluted from paper with 95 
per cent methanol. The methanol was evaporated under a stream of 
nitrogen, and the chromogens were developed. lOiowii compounds, 
chromatogz’aphed and eluted in the same wa}’', were also examined. The 
spectra of the reaction products so obtained were identical with those of 
the knoAvn corresponding 3a:-h3^dimysteroids Avhich were expected as a 
result of the enzymatic reduction. 

DISCUSSION 

The presence of an enzyme (or enzymes) in mammalian tissue wliich 
catalyzes the interconversion of 3-keto- and 3a-hydrox3'^steroids has been 
inferred for some time on the basis of in vivo, slice, and perfusion studies 
(1). The data presented in this paper suggest that a single enzyme is 
responsible for these reactions regardless of whether the steroid is a C19 
or a C21 compound, although it should be noted that the C^^ 3-ketosteroids 
related to cholesterol are not metabolized by this preparation. 

Because the liver steroid dehydrogenase described in this communica- 
tion was found to contain thiol groups, the possibility rvas considered 
that a thiohemiketal was formed from enzyme-SH groups and the sub- 
strate carbonyl. Although no direct evidence for this was obtained, the 
fact that preincubation of the enzyme with DEC partially protects against 
PCMB inhibition suggests some substrate-SH interaction. Furthermore, 
it is of interest that Djerassi and Gorman (15) hai^e synthesized c3Tlic 
thiohemiketals of steroid hormones at the 3 position. 

The possibility that a single enzyme is involved in the reduction of a 

3 Peterson, R. E., and Pierce, C. E., personal communication. 
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diverse group of steroids which have in common only a 3-keto group and 
which differ in physiological action suggests that, in vivo, these steroids 
might interact. Thus, the presence of one steroid substrate would impair 
the inactivation of another and thus enhance its activitj'. 

SUMilARY 

1. The partial purification of a 3a-hydroxyslcroid dcliydrogena.se from 
mammalian liver has been described. 

2. The enzyme catalyzes the interconversion of 3-keto- and Sa-hydrox}*- 
steroids of the Cig and C 21 scries, regardle.ss of the configuration of A-B 
ring junction. 

3. DPN+ and TPN'^ can function cquall 3 ' well a.s h 3 'drogen acceptors. 

t 

I should hke to acknowledge the expert technical assistance of Miss 
Patricia J. Michael during the course of this work. 

BIBLIOGR.XPHY 

1. Dorfman, R. I., and Ungar, F., Metabolism of steroid hormones, Minneapolis 

(1953). 

2. Tomkins, G., and Isselbacher, K. J., J. Am. Chem. Soc., 76 , 3100 (1954). 

3. Talalaj’, P., and Marcus, P. I., Nature, 173, 1189 (1954). 

4. Porter, C. C., and Silber, R. H., J. Biol. Chem., 186, 201 (1950). 

5. Zimmermann, W., Z. physiol. Chem., 233, 257 (1935). 

6. Kaplan, N. 0., Colowick, S. P., and Neufeld, E. M., J. Biol. Chem., 195, 107 

(1952). 

7. Horecker, B. L., and Kornberg, A., J. Biol. Chem., 176, 385 (1948). 

8. Strecker, H. J., and Korkes, S., J. Biol. Chem., 196, 769 (1952). 

9. Warburg, 0., and Christian, H., Biochem. Z., 310, 384 (1941-42). 

10. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 124, 397 (1938). 

11. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

12. Bush, 1. E., Biochem. J ., 60, 370 (1951-52). 

13. Chen, C., WTieeler, J., and Tewell, H. E., J. Lab. and Clin. Med., 42 , 749 (1953). 

14. Zaffaroni, A., J . Am. Chem. Soc., 72, 3828 (1950). 

15. Djerassi, C., and Gorman, M., J. Am. Chem. Soc., 75, 3704 (1953). 




DETOXICATION OF CYANIDE BY CYSTINE* 


Bt JOHN L. WOOD akd SHIRLEY LUCILLE COOLEYf 
{From (he Department 0 / Biochemistry, University of Tennessee, Memphis, Tennessee) 

(Received for publication, June 6, 1955) 

The reaction of cyanide with ej'stine j-ields cj'steine and ^-thioci'ano- 
alanine (I). Schdberl, Kawohl, and Hamm (1) have shown that the latter 
tautomerizes to 2-aminothiazoline-4-carboxyHc acid (II) or the equivalent 
2-immo-4-thiazolidinecarboxylic acid (III). 

NCS— CH;— CH— COOH 
I 
I 

NH; 


(I) 

The chemical properties of this cyanide-cystine reaction product have 
been studied by Schoberl and Hamm (2), Aldrich (3), and Behringer and 
Zillikens (4). Further characterization of the compound and its chemical 
reactions have been investigated in this laboratorj'. Particularly, possible 
roles in the reactions of intermediary metabolism were sought. It was 
found that the intact animal could convert the compound neither to cys- 
teine nor to thiocyanate. During these studies, it became apparent that 
2-imino-4-thiazolidinecarboxylic acid was inert metabohcally when adminis- 
tered to the rat. WTien cyanide entered the bodj', 2-imino-4-thiazohdine- 
carboxylic acid was formed in vivo and was excreted in the urine. This re- 
action constitutes a new, independent pathway for detoxication of c 3 ’-anide. 

EXPERIMENTAL 

2-Imino-Jf-thiazolidinecarboxyUc Acid — The procedure of Schoberl and 
Hamm (2) was followed essentially, except that the product was isolated in 
crystalline form from 70 per cent ethanol ndthout water of h^’^dration. The 
jdeld was 66 per cent of theorjL After recrj'stallization, the compound de- 
composed at 212° and had a specific rotation of —2.08° (1 per cent in 
water). 

CtHtQ.N-S (146.2 ). Calculated, S 21.8, N 19.2; found, S 21.3, N 19.1 

* This work was supported by contract No. AT-(40-l)-283, title VII, with the 
-Atomic Energy Commission. A preliminarj' account of these studies was presented 
to the .American Societj' of Biological Chemists {Federation Proc., 12, 292 (1953)). 

t Predoctoral Research Fellow, United States Public Health Service, 1951-52. 
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Tlic compound showed only end-absorption in the u]tra^dolet region of 
the spectrum. Infra-red absorption spectra on the solid mulled in Nujoi 
were in general consistent with that of the ring stnictures, but furnished no 
distinction between the Iwo tautomers.^ Two sharp liands in the 3400 
cm.“^ region, which are characteristic of stretching vibrations of unassoci- 
ated NH2 groups of 2-aminothia55oline, were absent in the C3''stine deriva- 
tive, owing possibly to association with the carboxyl. A band at about 
1640 cm.“h characteristic of stretching vibrations for cj’^clic C=N groups 
or for NH2 deformation vibrations, Avas present in 2-aminothiazoline and 
the 4-carboxylic acid derivative prepared from cystine. The 3-acetyl de- 
rivative, which necessarily had the iminothiazolidinecarboxylic acid strac- 
ture, also had strong bands at 1650 and 3290 cm.~^ 

A 0.1 mmole sample of L-cystine was suspended in 25 ml. of potassium 
phosphate buffer, pH 7.4. Amperometric sulfhj'^dryl determinations by 
the method of Weissman, Schoenbach, and Aimistead (5) were used to follow 
the course of the reaction of the cystine with 0.5 gm. of potassium C3^anide. 
The production of free sulfhydryl at 5, 10, and 20 minutes Avas 42, 80, and 
100 per cent of the theoretical value, respectiA'-ely. 

The iminotliiazolidine Avas coiiA'-erted to alanine by treatment AA’ith Rane3’' 
nickel as described by Behringer and Zillikens (4). The 2-immo-4-thi- 
azolidinecarboxylic acid, its ester, 3-acetyl deriA'’ativc, and corresponding 
ester each gave a cherry-red color AAdien incubated AAuth diazotized sulfanilic 
acid (1) . An excess of the substance under test interfered Avith the reaction. 
On paper chromatograms, 5 7 of the iminotliiazolidine could be detected 63’' 
this color reaction. 

3-Acetyl-2-iinino-4-ihiazolidinecarhoxyUc A cid — The 2-iminothiazolidine- 
carboxylic acid Avas acetylated with acetic anh3’'dride in aqueous alkaline 
solution according to the method of du Vigneaud and Irish (6). The 3aeld 
of colorless crystals AA’as essentially quantitath^e. The product, after cr3’-s- 
tallization from ethanol and then from chloroform, melted at 179-180° and 
had an optical rotation of [a]^^ —1.52° for a 1 per cent solution in AA'ater. 

CeHsOaNoS (188.2). Calculated, S 17.0, N 14.9; found, S 16.8, N 15.0 

Hydrolysis of a 10 mg. sample with dilute sulfuric acid at 100° yielded 
the original iminothiazolidine and some thiocyanate which AA'as identified 63^ 
paper chromatography. 

3-Acet3d-2-imino-4-thiazolidinecarboxylic acid AA^as also prepared from 
A^,A'-diacetylcystine. Cystine (1.5 gm.) AA-’as acetylated according to the 
method of Hollander and du Vigneaud (7). Paper chromatograms demon- 
strated the absence of sulfur-containing impurities in the preparation . The 

1 AVe are indebted to Dr. Nelson Fuson of Fisk University and Mr. H. G. McDon- 
nell, Jr., of The Perkin-Blmer Corporation for infra-red spectrograms. 
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diacetylcj'stine was dissolved in water and treated mth 0.5 gnr. of potas- 
sium cyanide. After standing at room temperature for 30 minutes, the 
solution was treated with 10 per cent hydrogen peroxide until the nitro- 
pnrssidc test for SH was negative. The procedure was repeated when, 30 
minutes later, a positive nitropmsside test had developed. The solution 
was acidified to pH 5 and concentrated to dr 3 Tiess m vacuo. The residue 
was taken up in chloroform, ^Yhich was evaporated, and a ciystalline resi- 
due, m.p. 180°, was obtained. This was identified as the acetyl derivative 
bj' comparison on paper chromatograms and bj'a melting point determina- 
tion on a mixture of the sample with an authentic specimen of 3-acet3d-2- 
imino-4-tluazolidinecarbox3dic acid. 

Ethyl 2-Imino-i-thiazolidinccarboxylalc Hydrochloride — 2-Imino-4-thiazo- 
lidinecarboxylic acid (5 gm.) was dissolved in ethanol, and the solution was 
saturated with dry h 3 "drogen chloride. After 24 hours, an equal volume of 
ether was added. Crystalline eth 3 d ester h 3 'drochloride separated. The 
3 deld was 5 gm. After recr 3 ’stallization from ethanol the product melted 
at 115-116°. 

CtHnO:N:Sa (210.2). Calculated, S 15.2, N 13.3; found, S 15.0, N 13.1 

Ethyl 3-Acetyl-2-imino-4-thiazolidtnecarbozylaic — ^Tliis was prepared b 3 ' 
esterif 3 ring 5 gm. of the acet 3 d derivative with ethanol and dr 3 ’- h 3 ’'drogen 
chloride as described above. The product weighed 3.5 gm., and after re- 
crystallization from ethanol melted at 136°. 

CbHiiOsNS (216.3). Calculated, S 14.8, N 12.0; found, S 14.7, N 12.8 
Metabolism Studies 

2-Immo-4-thiazolidinecarboxyIic acid, its ethyl ester, 3-acetyl, and 3-ace- 
tyl ethyl ester derivatives were tested as substrates for rhodanese by the 
method of Himudch and Saunders (8). iNone of these compounds 3 delded 
thiocyanate when incubated with rhodanese. Inhibition studies at levels 
of 0.042 and 0.42 w concentration were also made. The compounds were 
ndthout effect as inhibitors on the formation of thiocyanate from thiosulfate. 

10 mmoles of each iminothiazolidine derivative were incubated anaero- 
bically for 2 hours with 10 ml. of Krebs-Ringer bicarbonate buffer, 2 mg. 
of glutathione, and 2 gm. of rat liver slices. Determinations on the super- 
natant solution and homogenized slices revealed no thiocyanate formation. 
Repetition of the incubation imder 95 per cent oxygen-5 per cent carbon 
dioxide gas mixture also did not produce any thioc 3 '’anate. Rat liver ho- 
mogenates were likendse ineffective. 

Preliminar 3 '- studies were made on dietary replacement of C 3 'stine b 3 ’ 
2-imino-4-thiazolidinecarbox3ffc acid. Two 3 mung rats growing slowh' on 
a diet consisting of 18 per cent desulfurized casein (9) plus 0.13 per cent 
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DL-methionine failed to respond to incorporation of 0.2 per cent 2-iinino-4- 
thiazolidinecarboxylic acid in the food. A corresponding lack of effect was 
shown by 0.2 per cent of the compound when added to the 8 per cent casein 
diet of two rats. Further work along this line was abandoned when the 
metabolic inertness of the compound was developed in the following experi- 
ment. 

2 gm. of imino-4-tliiazolidinecarboxylic acid mixed with 20 gm. of 20 per 
cent casein diet were consumed by an adult male rat in 3 days. The urine 
was collected in a tube cooled by dry ice. The compound fed was isolated 
by precipitation with Barfoed’s reagent, followed by treatment of the pre- 
cipitate with H 2 S. The recovery from the urine was 300 mg. of crystalline 
material, which was identified by paper chromatography. None of the 
acetyl derivative could be found in the urine. 

Three young rats were fed diets containing from 2.5 to 5 per cent 2-imino- 
4-thiazolidinecarboxylic acid for periods of from 8 to 10 days. In each case 
the urines were collected and examined for evidence of the acetyl derivative 
by continuous extraction from acidified urine with chloroform. None of 
the acetyl derivative was found, but the original compound fed was isolated 
from all the samples by precipitation as the copper salt. It ivas obsei’ved 
that when acid solutions were subjected to paper chromatography the h}’-- 
drochloride of 2-imino-4-thiazolidinecarbo.x34ic acid migrated approxi- 
mately as the 3-acetyl derivative. 

Injection Studies 

A 250 gm. male rat was injected intraperitoneally with 20 mg. of S^®- 
labeled 2-imino-4-thiazolidinecarboxylic acid dissolved in 0.6 ml. of sodium 
bicarbonate solution. The animals were maintained on a 10 per cent casein 
diet. Urine Avas collected for 3 day periods. The receiver contained a few 
drops of concentrated hydrochloric acid. Paper chromatograms shoAA'ed 
two radioactiA^e spots corresponding to 2-imino-4-thiazolidinecarboxylic 
acid and thiocyanate. The latter, hoAveA'^er, proA''ed to be an artifact caused 
by the acid. A sample of urine containing the 2-iminothiazolidine but no 
thiocyanate AA^as acidified to Congo red AAuth HCl and alloAA^ed to stand at 
room temperature for 3 days. Subsequent chromatograms shoAved the 
presence of radioactive thiocyanate ion. The excretion of injected labeled 
2-imino-4-thiazolidinecarboxylic acid as measured by radioactiAuty deter- 
minations on the urine and feces AA^hen subjected to paper chromatography 
is reported in Table I. In the second and third instances, the urines AA'ere 
collected in a tube cooled Avith dry ice. Such samples showed no radio- 
activity at the thiocyanate spot. In the third experiment, in order to in- 
crease the sensitiAoty of detection, the animal AA^as “AA^ashed out” by injec- 
tion of 5 mg. of potassium thiocj^anate on the 2nd day. 
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Formation of 2-Imino-4-ihiazolidinccarhoxi/Uc Acid in Vivo — A male white 
rat weigliing 210 gm. was injected b 3 ' tail vein with 20 mg. of L-c}-stine-S^° 
ha^^ng a measured radioacthit}* of 10" c.p.ra. After 15 minutes had 
elapsed, 1 mg. of sodium C3'anide was injected subcutaneous^', and 10 
minutes later an additional 1 mg. of C 3 'anide was administered. The animal 
was placed in a metabolism cage and given a 10 per cent casein diet. The 


Table I 

Excretion of Injected S-Imino-4-thiazotidinecarboxylic Acid-S^^ 


Weight of rat 

i 

Amount injected 

Per cent recovered 

1 1-j day urine 

4-6 day urine 

7-11 day urine 

Total feces 

gr:. 

rjg- 





250 

20 

79. S 

7.7S 

4.25 


250 

25 

9S.5 

1.00 



200 

35 i 

1 

S1.2 

5.06 i 

1 

4.56 

HI 


Table II 

Distribution of Radioactive Sulfur in Urine of Rat after Injection of Cystine-S^^ 

and Cyanide 


Radioactive component on paper segment 

t 1st day 

2nd day 

3rd day 

Amount of 
excreted 
S*5 in 3 
days* 


V 

•r 

y 

prr cent 

Thiocj'anate . 


9.8 

0 

1.7 

2-Imino-4-thiazolidinecarboxylic acid 

229 

42.6 

0 

23 

S“ compounds diffusely distributedf 

136 

0 

0 

11.7 

Compounds at origint 


187 

68 



* A total of 0.3 mg. of cj'stine-S’® sulfur was injected. 

1 136 y of S were diffuselj- distributed between tbe origin and the 2-iininothiazoli- 
dine acid segment. 

t Includes sulfate, cystine, and other salts which do not migrate imder these con- 
ditions. 

urine was collected in a tube cooled in a dr 3 ' ice-ethanol bath. Three 24 
hour samples were collected, melted, filtered through glass wool, and diluted 
to 10 ml. 75 yl. aliquots of the urine were chromatographed on paper 
with 77 per cent ethanol as a solvent. Sulfate, C 3 'stine, and methionine 
were not resolved b 3 ' this procedure. Radioactivity measurements made 
directl 3 ' on segments of the chromatogram were corrected for self-absorp- 
tion of the paper. The results are presented in Table II. A 0.1 ml, aliquot 
of the 1st da 3 '’s urine was chromatographed in a 12 inch band on filter paper. 
The position of the 2-imino-4-thiazolidinecarbox3’lic acid was determined 
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by spraying a 1 inch strip with iodine-sodium azide reagent. A 10 inch 
strip was cut into segments, and the 2-imino-4-thiazolidinecarboxy]ic acid 
section was eluted with water. To the eluate were added 10 mg. of 2-imino- 
4-thiazolidinecarboxylic acid, and the sample was recrystallized three times. 
A test for radioactive impurities was made by the solubility product method 
of Gutmann and Wood (10). This showed that radioactivity was not due 
to an impurity in the isolated crystals and hence substantiated the presence 
of radioactive detoxication products in the urine. 

A female rat weighing 310 gm. was placed in a metabolism cage which 
was arranged so that the urine would be collected in a tube cooled with dry 
ice-ethanol freezing mixture. A 10 per cent casein diet was supplied ad 
libitum. Several daily intraperitoneal injections of 1.5 mg. of potassium 
cyanide in 1 ml. of ivater u^ere made over a period of 8 days. The animal 
received a total of 28.6 mg. (0.44 mmole). The urine samples were pooled 
and evaporated in vacuo to a volume of 5 ml. Nine-tenths of the urine was 
treated with Barfoed’s reagent, and the iminothiazolidine was isolated with- 
out dilution as described previously. The product was obtained as 10 mg. 
of crystalline material (0.068 mmole). A reciystallized portion had a melt- 
ing point of 212°. The compound was identified as 2-imino-4-thiazolidine- 
carboxylic acid bj'’ comparison wth an authentic sample and by paper 
chromatography with sulfanilic acid and iodine-azide reagents. A deter- 
mination of the thioc3''anate content was made on an aliquot of the urine. 
A total of 0.35 mmole (80 per cent as much as the cyanide injected) of 
thiocyanate was found. 

In a repetition of the experiment, 35 mg. of potassium cyanide were in- 
jected into a 310 gm. male rat over a period of 6 da3’^s. 2-Imino-4-thiazoli- 
dinecarbox3dic acid was isolated from the urine in the manner described 
above. Thiocyanate was also detected by its color reaction with ferric ion. 

It had been found previously that the thiocyanate content of the saliva 
of workers was elevated following extensive work with C3^anide solutions. 
In a particular instance in our laboratory, a ivorker had e.xperienced an ex- 
ceptionally long exposure to sublethal amounts of C3’'anide. A sample of 
saliva was collected and treated with 9 volumes of ethanol. The super- 
natant fluid was concentrated to a small volume, and a sample equivalent 
of 1 ml. of original saliva was chromatographed on filter paper nlth 77 pei- 
cent ethanol as the developing solvent. When the chromatogram was 
sprayed with iodine-azide reagent, sulfur-containing compounds were noted 
at the positions occupied by thiocyanate and 2-imino-4-thiazolidinecar- 
boxylic acid. A second chromatogram was sprayed with diazotized sulfa- 
nilic acid solution and revealed a red spot at the position occupied by 
2-imino-4-thiazolidinecarboxylic acid. 2 weeks later none of this com- 
pound or thioc3^anate was present in the sa]i^'a of the same .subject by the 
same tests. A sample of this saliva was then treated with cyanide i// vitro 
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for 30 iiiinutes. Subsequent chromatograms showed the presence of tliio- 
cyanate and 2-imino-4-thiazolidinecarbox3dic acid. 

DISCUSSION 

The structural nature of the cyanide-cystine reaction product had con- 
siderable bearing on predictions about its physiological beha^^or. Thus 
the open chain form, ^-thiocyanoalanine, should be a source of thiocyanate 
in the bodj' (11), since it could undergo oxidative deamination to produce 
thioc\'anop3Tan'ic acid wliich has been shown in tliis laborator3’- to decom- 
pose readily to yield thiocyanate ion (1). Fui-thermore, Aldrich (3) 3301- 
thcsized a product from cysteine and c3'anogen chloride which was evidentl3" 
the same as the C3'anide-C3’stine reaction product. Aldrich also made an 
acet3-l derivative which reacted ivith .sulfh3'dr3'l compounds to 3de]d free 
C3’anide ion and presumabl3' acet3*lc3'steine. In the present studies, the 
C3'anide-C3’’stine reaction product was not acet3dated 1)3’- the animal body. 
Hence it would not be expected to undergo these changes in vivo. 

Neither the C3'anide-cystine product nor its derivatives 3’-ielded thio- 
cyanate under ph3’siological conditions. The apparent excretion of thio- 
C3-anate after injection of 2-imino-4-thiazolidinecarbox3dic acid was shoum 
to be an artifact resulting from decomposition of the compound on standing 
in acidihed urine at room temperature. 

From the work of Nicolet (12) on the lability of cysteine derivatives, the 
formation of thiocv'anate, p3Tuvic acid, and ammonia might be predicted 
if appreciable amounts of the open chain tautomer, /3-thiocyanoalanine, oc- 
curred in alkaline solution. This was not realized experimentall3’, ouang 
no doubt to the rapid formation of C3'steine bydantoin as found b3^ Scboberl 
and Hamm (2). 

The above observations suggest that in the physiological range of hydro- 
gen ion concentration significant quantities of the open chain form, /3-thio- 
C3-anoalanme, do not exist in equilibrium with the ring forms. Schoberl, 
Kawohl, and Hamm concluded, from their chemical studies, that the reac- 
tion product of C3'stine and e3mnide was a cyclic structure. The present 
studies support this conclusion with somewhat different evidence. In 
particular, no reaction characteristic of organic thioc3'ano compounds could 
be demonstrated. Infra-red spectra supported the cyclic structures for 
the compound in the solid state without differentiating between the amino- 
thiazolidine and iminothiazohdine forms. The acetylation product was 
indicated as the iminothiazohdine form by its s3mthesis from iV,jV'-di- 
acet3dc3'stine and cyanide. 

The rapidit3'^ of the C3wnide-c3’Btine reaction suggested that appreciable 
amounts of the thiazolidinecarbox3dic acid should form in the blood. 
Since the compound is readil3’- excreted, it qualifies as a detoxication prod- 
uct of C3"anide. Preliminary qualitative studies have revealed the presence 
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of traces of the product in the urine of individuals experiencing industrial 
exposure to hydrogen cyanide. It is likely that the thiazolidine derivative 
has not been identified previously on chromatograms of urine and saliva 
because of its failure to produce a purple spot with ninhydrin (1). At pres- 
ent there is no evidence for enzymatic catalysis; the reaction is sufficiently 
rapid for production of the product in the saliva in situ. 

Voegtlin, Johnson, and Dyer (13) showed that cystine protected animals 
from minimal lethal doses of cyanide. The effect was obtained by injecting 
cystine into the blood stream immediatel3'- before the subcutaneous injec- 
tion of cyanide. Present interpretation of these studies accounts for the 
protective effect by the formation of 2-imino-4-thiazolidinccarbox3dic acid 
from a relatively high concentration of free cystine in the blood. Using 
cystine-S®^, we found that the injected labeled amino acid produced about 
13 times as much 2-imino-4-thiazolidinecarbox3dic acid as thiocyanate. 
Since cystine does not serve as a substrate for rhodanese directly, the labeled 
thiocyanate excreted was produced subsequent to metabolic alteration of 
the injected cystine. Iminotluazolidinecarboxylic acid formation is small 
compared with other pathwa3’-s of detoxication. In an experiment in which 
no C3''stine was injected, the recover3’- of intraperitoneally injected cyanide 
as thiocyanate and as the tliiazolidine was 80 and 15 per cent, respectively. 
The prophylactic action of cystine against cyanide poisoning is a direct de- 
toxication reaction, apparent^ potentiated by raising the blood level of the 
sulfur amino acid. 


SUMMARY 

Chemical studies on the nature of the reaction product between cystine 
and cyanide ion support formulation of the structure as 2-imino-4-thiazoli- 
dinecarboxylic acid. The compound was inert metabolically when fed to 
the rat or when injected. On treatment with acid, a small amount of thio- 
cyanate was produced. 

2-Imino-4-thiazolidinecarboxylic acid rvas isolated from the urine of rats 
given sodium 03^1^6 subcutaneousl3^ 80 per cent of the C3"anide was ac- 
counted for as thiocyanate. When n-cystine-S®^ was administered first, the 
compounds excreted were labeled. Radioactivity measurements showed 
that the iminothiazolidinecarboxylic acid was produced from C3"stine, while 
the thiocyanate chiefly was formed from other sources of sulfur. 

The reaction Avith c3’’Stine constitutes an independent pathwa3'- for detoxi- 
cation of cyanide. 
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THE RELATIONSHIP OF EPINEPHRINE GLUCAGON 
TO LRTER PHOSPHORYLASE 

I. LR’ER PHOSPHORYLASE; PREPARATION AND PROPERTIES* 

Bt earl W. SUTHERLAND and WALTER D. WOSILAIT 

(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 

(Received for publication, June 16, 1955) 

The concentration of phosphorjiase in liver slices changes rapidlj' in 
response to certain experimental conditions ( 1 - 4 ). The concentration of 
phosphor3lase in the cells represents a balance between inactivation of 
the enz3Tne and reactivation to the active form. Inactivation of liver 
phosphoi^dase is catalj'zed bj' an enzjTne formerlj’- designated liver phos- 
phorjlase-inactivating enzjnne. The S3'nthetic aspect of the balance, 
i.e. the reactivation of the inactive liver phosphor3''lase, is influenced b3' 
epinephrine and glucagon so that res3'nthesis of the active form is promoted 
( 5 ). The experiments reported in the following papers were designed to 
aid our understanding of the mechanisms involved in the regulation of 
the concentration of liver phosphor3dase in intact ceUs. Liver phos- 
phor3lase and the enz3Tne from liver which inactivates it have been pre- 
pared in purified form. The enz3’matic inactivation of liver phosphor3'lase 
has been studied ( 6 ) and also the process of reactivation in slices and 
extracts ( 5 ). 

This report deals with the preparation and properties of liver phos- 
phor3lase. Two major problems required solution. The enz3Tnatic 
inactivation of liver phosphoiylase proceeds rapidl3'’ unless precautions 
are taken. Consequentl3r, the earl3’’ steps have been designed primaril3' 
to inhibit, denature, or remove the liver phosphoi^Iase-inactivating 
enz3'me. The second problem was created b3^ the tendenc3^ of liver 
phosphoiylase to accompany gl3’'cogen during fractionation. As purifica- 
tion proceeded, the ratio of carboh3’'drate to protein increased to values of 
20 or 30 to 1 , and, therefore, steps were taken to lower the gl3'cogen con- 
centration of the preparation. The procedures described here have re- 
sulted in greater 3lelds of enzyme vith a higher specific actirlty' than 
reported preAlously*, even though apparently homogeneous preparations of 
liver phosphorylase were obtained by an earlier procedure ( 7 ). 

* This research was supported in part by grants from the National Science Founda- 
tion (No. G-660) and Eli Lilly and Company. 
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LIVER PHOSPHORYLASE 


M eihods 

Materials Glycogen, G-l-P,’ and 5-AMP were purchased from the 
Nutritional Biochemicals Corporation. 

G-l-P was purified by the following procedures. 2 liters of a 5 per cent 
solution were chilled, 3 gm. of Norit were added, and the pH was adjusted 
to 3.5 with glacial acetic acid. The solution was brought to a concen- 
tration of 50 per cent ethanol, filtered, and adjusted to pH 8.0 with KOH 
(as measured with a glass electrode), additional ethanol being added to 
maintain a 50 per cent concentration. After storage at 3° overnight, the 
crystals were collected and dissolved in 1.2 liters of glass-distilled water 
and filtered at room temperature. The filtrate was again brought to a con- 
centration of 50 per cent ethanol. After storage at 0° overnight, the crys- 
tals were collected by decantation and centrifugation and u^ashed succes- 
sively with 95 per cent ethanol, absolute ethanol, absolute ethanol and 
absolute ether (1:1), and absolute ether. The yield of dry product was 
usually about 75 per cent of the starting material. 

Glycogen was purified in the following manner before use. A 5 per cent 
solution was made and filtered and, if yellow, decolorized with Norit, The 
solution was then brought to a concentration of 50 per cent ethanol and 
allowed to stand overnight at 3°. The centrifuged precipitate was washed 
with absolute ethanol, absolute ethanol and absolute ether (1:1), absolute 
ether, and dried. 

Tris, obtained from the G. Frederick Smith Chemical Company, was 
purified in the following manner. 400 gm. of Tris were dissolved in 2 liters 
of 85 per cent ethanol containing 0.6 gm. of trisodium Versene at 73°. The 
solution was filtered at 70° and chilled overnight. The supernatant solu- 
tion was decanted and the crystals were collected on a Buchner funnel and 
washed in the same fashion as for G-l-P. The washed crystals were stored 
at room temperature in an evacuated desiccator (over CaCb) for 2 days 
before use. The yield was usually 80 per cent. 

Merck reagent grade ammonium sulfate was recrystallized in the presence 
of Versene in the following fashion. 3 liters of distilled water containing 
3 gm. of disodium Versene and 3 ml. of concentrated ammonium hydroxide 
were saturated with ammonium sulfate at about 70°. The solution was 
filtered rapidly through Whatman No. 50 filter paper and the filtrate was 
allowed to stand overnight at 3°. The crystals ivere removed and more 
ammonium sulfate was precipitated by the addition of ethanol to about 10 
per cent concentration and by allowing the mixture to stand overnight. 
All crystalline material was washed successivelj^ on a Buchner funnel with 
ethanol of 30, 50, 95, and 100 per cent concentration. The washed crystals 

1 The following abbreviations are used; G-l-P, ghicose-l-phosphatc; 5-AMP, 
adenosine-5-phosphate; Tris, tris(hydroxyme{hyl)aminomethane. 
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were stored in an evacuated desiccator for 24 horn's before use. The jdelds 
were about 20 per cent. 

The calcium phosphate gel was prepared essentially as described (8), 
distilled water being employed at all times. The final preparation con- 
tained about 21 mg. of calcium phosphate per ml. 

Standard Assay — Phosphorjdase activitj' was determined by measure- 
ment of the rate of liberation of inorganic phosphate from G-l-P in the 
presence of glycogen; i.e., phosphorylase acti\'it3’’ was measured in the di- 
rection of polj'saccharide s3'nthesis. A stock solution of G-l-P (0.036 M 
adjusted to pH 6.1 with HCI) containing 4.03 mg. of gb^cogen per ml. and 
0.1 M NaF was stable in the frozen state and when thawed constituted the 
basic reagent for assa3'. This reagent was usually prepared to contain 
1.4 X 10~^ M 5-A]MP. Enzyme dilutions were made immediateb’- before 
assa3' in cold 0.1 w XaF. The reaction was started b3' the addition of 0.2 
ml. of 6023-106 to 2.8 ml. of the basic assay reagent at room temperature. 
Aliquots of the reaction mixture (0.5 ml.) were transferred to trichloroace- 
tic acid at zero time and after incubation for 10 minutes at 37°; the re- 
mainder was used for an iodine starch test.® The inorganic phosphate 
present in an equivalent of 0.1 ml. of reaction mixture was determined by 
the method of Fiske and Subbarow (9) as adapted to the Klett-Summerson 
photometer. In crude preparations small corrections can be made for 
phosphatase acti^'it3' b3’' determination of glucose production due to the ad- 
dition of G-l-P. 

1 unit of enz3Tne was defined as that ainount which caused the liberation 
of 1.0 mg. of inorganic phosphorus in 10 minutes when the per cent conver- 
sion of glucose-l-phosphate was in the range of 12 to 22 per cent. Specific 
acti%'it3'- was expressed as units per mg. of protein. Protein was deter- 
mined by a micromethod described pre\'iously (10), modified according to 
the procedure of Lomy et ah (11). 

The purified enz3Tne ma3’' be assa3’'ed more accuratel3’' at pH 6.7 with a 
final gl3’-cogen concentration of 1.0 per cent and 1.6 X 10~® 11 G-l-P. Under 
these conditions at 30° first order kinetics are followed, as described b3' Cori 
et al (12). 

Resnlts 

Step 1. Preparation of Filtrate — ^hledium sized or large dogs of various 
mixed breeds were obtained from the pound and were used approximatel3^ 
20 hours after the last feeding. 2 ml. of a 1 : 1000 epinephrine solution were 

= The iodine starch test was valuable for rapid estimation of acti-tdty and as eri- 
dence that polysaccharide formation accompanied the formation of inorganic phos- 
phate. This additional routine test could not be used when the reaction mi.xture 
contained amounts of glycogen sufficient to jdeld first order kinetics. Therefore, 
the above assay was adopted even though first order kinetics were not obtained. 
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given intraperitoneally 5 to 10 minutes before a lethal dose of sodium seco- 
liarbital was injected intravenously. The carotid vessels were severed and 
the thorax and abdomen were opened. A large cannula was inserted into 
the portal vein and the inferior vena cava was cut just below the heart. 
Several liters of cold sodium fluoride (0.2 m) were perfused through the 
liver; intermittent pressure on the inferior vena cava just above the dia- 
phragm increased the filling of the liver and the effectiveness of the per- 
fusion. At the start of the perfusion, 3 ml. of 1 : 1000 epinephrine were in- 
jected into the rubber perfusion tubing leading to the cannula. The chilled 
perfused liver was removed, and, after separation of the gallbladder, was 
immersed in chilled 0.1 m NaF. The liver was divided into 100 gm. por- 
tions, each of which was cut into small pieces and homogenized in a Waring 
blendor for 2.5 minutes in 400 ml. of cold 0.1 m NaF containing 0.005 m 
K2HPO4. These and all subsequent steps were carried out at 3° unless 
specified otherwise. The pooled homogenates were adjusted to pH 5.7 
with 1.0 N acetic acid. An amount of Johns-Manidlle Hyflo Super-Cel 
equal to the weight of the liver was mixed vdth the homogenate and the 
mixture was filtered under 20 pounds pressure by using a No. 0 pad in a 
Hermann filter press.® The cake was washed bj^ the addition of cold 0.1 m 
NaF to the top of the cake, the volume of the wash fluid equaling 1.2 times 
the weight of the liver. 

Step 2. Adsorption and Ammonium Sulfate — The turbid tan or pink fil- 
trate was adjusted to pH 6.5 with 1.0 n KOH. Part of the phosphorylase- 
inactivating enzyme was removed by adsorption on calcium phosphate gel. 
xV volume of gel was added to the filtrate and stirred occasionally for 15 
minutes before centrifugation. (Further purification of the inactivating 
enzyme is described in Paper II (6).) The supernatant fluid from the gel 
was adjusted to pH 7.2 with 1 n KOH and the 0.0 to 0.66 ammonium sul- 
fate fraction was precipitated by the addition of 46 gm. of solid ammonium 
sulfate per 100 ml. of solution. The pH was adjusted to 7.2 again with 1 .0 
N KOH and, after standing for 15 minutes, the fraction was collected bj'- 
centrifugation for 20 minutes at 7000 X g. The supernatant fluid was dis- 
carded and a second precipitate was collected in the same tubes above the 
first precipitate. The precipitates were dissolved in 0.1 m NaF, 75 ml. for 
each 100 gm. of liver, and 10 ml. of 0.02 M 5-AMP per 100 gm. of liver were 
also added. 5-AMP protected liver phosphoiylase against enzymatic in- 
activation and heat denaturation in the next step. The pH was adjusted 
to 7.1 with 1.0 N KOH and the preparation was ready for the heat denatura- 
tion step or, alternatively, it could be stored in the frozen state. The final 
volume of the solution was measured and the increase in ^mlume above the 

3 Obtained from F. R. Hormann and Company, Inc., 17 Stone Street, Newark -I, 
New Jersey. 
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volume of added solutions was taken as a measure of the amount of am- 
monium sulfate present as 0.66 saturated solution. 

Step S. Heat Denaturation of Jnaclivatirig Enzyme — ^The preparation was 
transferred to a 2 liter Erlenmeyer fla.sk and washed in with 30 ml. of 0.1 
M KaF, thus giving a final concentration of about 0.17 saturated ammonium 
sulfate. It was then heated with swirling in a bath at 67° until the tem- 
perature rose to 55°. The temperature was maintained at 55° for 5 min- 
utes; the solution was then chilled in an ice water bath. The preparation 
was centrifuged for 20 minutes at 7000 X and the precipitate was dis- 
carded. 

Step 4. Collection of O. 4 I to O.S Ammonium Sulfate Fraction — Heated ex- 
tracts from the livers of three dogs were pooled at this stage to minimize 
variations in fractionation. The concentration of ammonium sulfate was 
calculated and then a neutralized ammonium sulfate solution saturated at 
room temperature Avas added to bring the preparation to 0.41 saturation. 
The measured specific graAnty at this calculated saturation was 1.13 at 3°. 
The precipitate obtained bj' centrifugation at 7000 X g for 20 minutes con- 
tained an amount of phosphorA'lase AA'hich varied with the glycogen content 
of the preparation. The 0.41 fractions obtained from extracts containing 
moderate or large amounts of gl3'cogen AA'ere discarded, since most of the 
phosphorylase remained in the supernatant fluid. Removal of the 0.41 
fraction did not cause anj" substantial increase in specific actiA-itj*, but was 
carried out to eliminate protein AA'hich would otherw'ise precipitate Avith 
alcohol in subsequent steps. The 0.41 to 0.8 fraction Avas obtained bj' 
adding sohd ammonium sulfate to the supernatant solution of the 0.41 
precipitate (27.3 gm. per 100 ml. of supernatant solution), followed bj* 
centrifugation at 7000 X g for 20 minutes. Precipitates from two centrifu- 
gations were collected in the same tubes; the 0.8 supernatant fluid Avas dis- 
carded. It was found that the 0.41 to 0.8 fraction AA’as stable in the cold 
overnight; hence centrifugation could be carried out later. The 0.41 to 
0.8 precipitates AA'ere dissoh'ed bj’^ the addition of 170 ml. of cold 0.1 m XaF 
per 1000 gm. of Ih-er. This solution could be frozen at —20° and kept for 
some daj's without serious loss of acthitj'. 

Step 5. Dialysis of O .41 to 0.8 Ammonium Sulfate Fraction and Ethanol 
F ractionation — ^The ammonium sulfate concentration of the preparation Avas 
loAvered before alcohol fractionation to aA’oid denaturation of phosphorA'l- 
ase. Since traces of inactwating enzj'me sometimes remained, the diah'sis 
Avas carried out in the cold AA'ith fluoride for periods no longer than indicated. 
Dialj'sis AA'ith continued agitation AA'as carried out in Visking casing (size 
27/32) versus 10 A'olumes of JCaF (0,1 ai) containing 5 X 10“^ n KOH for 
1 hour; then the dialA'^sis was continued for another hour versus a fresh 
XaF-KOH solution. After dialj'sis, 0.1 A'olume of o-AMP (0.02 ai, pH 7.0) 
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was added and the pll of the solution was adjusted to approximatelj’’ 7.0 
with KOTL The preparation was then readj'' for ethanol fractionation but 
could be kept frozen at —20°. To the preparation, chilled in an ice bath, 
cold (—20°) ethanol was added slowly Avith stirring until a 25 per cent final 
concentration was reached; then the preparation was dulled to 3° and 
centrifuged. The supernatant fluid was discarded, the precipitate was dis- 
solved in 0.1 M NaF (tAA’^o-thirds of the volume before adding ethanol), and 
0.02 M 5-AMP was added (10 per cent of the volume of the added NaF). 
Alcohol Avas again added to a final concentration of 25 per cent; the precipi- 
tate AA^as collected as prcAnousl}'’ and redissolA'’ed and reprecipitated as aboA'^e 

Table I 

Summary of Purification and Yield; Step 1 through Step 5 
Livers from three dogs were fractionated separatel}’^ through Step 3, then pooled 
for Steps 4 and 5. The specific activity of the homogenate was about one-third that 
of the filtrate. No corrections have been made for sampling nor for loss in precipi- 
tates. 


r faction 

1 

Total units 

Specific 

activity* 

Per cent 
original 
activity 

Step 1. Filtrate 

25,200 

0.31 

100 

" 2. 0.0-0.6G ammonium sulfate 

22,786 

0.44 

90 

“ 3. Heated 0.0-0.66 supernatant fluid 

12,491 

0.46 

50 

“ 4. 0.41-0.80 ammonium sulfate 

11,400 

0.57 

45 

“ 5. 0.41-0.80 after dialysis 

10,300 

0.55 

41 

1st alcohol 

9,600 

4.15 

38 

2nd “ 

8,900 

5.7 

35 

3rd “ 

^ 7,650 

6.2 

30 


* See the text for unit of measurement. 


to obtain the third alcohol precipitate. Occasional!}'' the alcohol precipita- 
tion AA^as repeated one or more times until the supernatant solution aa'us 
colorless. The third alcohol pi’ecipitate from 1000 gm. of liA^er AA^as dis- 
solved in 200 ml. of Avater and appeared milky because of the large amounts 
of glycogen present. If the pi-eeipitate was very bulky, 300 ml. of water 
AA^ere used. The third alcohol fraction was stable in the frozen state for 
several weeks or months. The results of a typical fractionation to this 
stage are summarized in Table I. 

Step 6. Adsorption and Elntion — ^This step Avas designed to free the prep- 
aration of most of the glycogen AA'hich accompanied the preceding fractions 
in large amounts. The third alcohol fraction Avas diluted AAuth cold glass- 
distilled AA^ater so that it contained approximately 3 units per ml. Usually 
an 8-fold dilution AA^as made and pilot experiments Avere carried out to de- 
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termiiie the amount of calcium phosphate gel necessary for nearly complete 
adsorption of the enzyme. (Usually 2 to 3 per cent of the volume of the 
diluted, third alcohol fraction was sufficient.) Calcium phosphate gel was 
added to the diluted, cold, third alcohol fraction and stirred occasionally 
for 15 minutes. The gel vas collected bj' centrifugation and washed with 
cold 0.001 M Tris, pH 7.4, which had been recrA’stallized in the presence of 
Versene, the volume of the wash fluid equaling the discarded supernatant 
solution. The gel was again collected by centrifugation and eluted for 10 
minutes at 25° with 0.01 M potassium citrate (pH 6.5), the volume of citrate 
equaling 12 per cent of the diluted third alcohol volume.' The eluted gel 
was packed by centrifugation at room temperature for 10 minutes at 
7000 X g and discarded. 

Step 7. Fourth Alcohol Collection and Dialysis Versus Phosphate — The 
eluate, containing the phosphorjdase, was chilled and to eacb 100 ml. were 
added 0.55 gm. of NaCl and 40 ml. of absolute ethanol (—20°). The mLx- 
ture was chilled to 3° and centrifuged. The precipitate was dissolved or 
suspended in 0.1 si potassium phosphate (pH 7.2) with approximatelj" 20 ml. 
per 1000 gm. of liver. The suspended precipitate was placed in washed 
Visking casing (size 27/32) and diah'zed versus 3.5 liters of 0.1 si potassium 
phosphate (pH 7.2) for 16 hours at 22°. During this dialysis the small 
amounts of glycogen remaining were partiall}' digested and a heasy, floc- 
culent precipitate was formed. The inactive flocculent precipitate was re- 
moved by centrifugation for 15 minutes at 7000 X ff at room temperature 
and discarded. 

Step 8. Second Adsorption and Elution — ^The dialyzed and centrifuged 
fourth alcohol fraction was diluted with an equal amount of water and 
chilled. Calcium phosphate (second gel) was added in amounts which 
would adsorb only a small per cent of the liver phosphor 3 'lase. The amount 
was determined bj^ pilot experiments and was usually about 1.25 ml. of gel 
per 10 ml. of enzyme preparation. After 15 minutes of stirring, the gel was 
removed by centrifugation and discarded. The supernatant fluid still con- 
tained some carbohj'drate as determined by the anthrone method (13), but 
on a protein basis possessed a high specific actiintj' (Table II). The super- 
natant solution was diluted 10-fold with cold glass-distilled water; then the 
third addition of calcium phosphate gel was made in an amount sufficient 
to adsorb almost all the liver phosphorjdase, 0.4 ml. per 10 ml. usually being 
sufficient. After 15 minutes of stirring, the gel was collected by centrifu- 
gation and washed with cold 0.001 M Tris (pH 7.4) with a volume equal to 

■' Higher concentrations of citrate will make all the calcium phosphate gel sol- 
uble. The amounts of citrate used here, however, did not greatly influence the 
.amount of insoluble calcium phosphate. The use of citrate for elution of calcium 
phosphate gel may be helpful when a protein is strongly adsorbed to the gel. 
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§ the disccai’ded supernatant fluid. The enzyme was eluted from the gel by 
repeated additions of 10 ml. portions of cold 0.6 m ammonium sulfate (pH 
7.0 to 7,2). Four sucli elutions were sometimes ncccssaiy. This adsorp- 
tion-elution procedure did not increase the specific activit}’- but did decrease 
the amount of carbohydrate coasklcrahly, as shown in Table II. 

Step 9. Final Ammoniwn Sulfate Precipitation — ^Thc eluate of the third 
gel was added to 1.5 Amlumes of Verscnc-treated saturated ammonium 
sulfate solution which had been chilled previousl 3 ^ After 15 minutes at 
3°, the precipitate was collected b}' centrifugation and dissolved in about 2 
ml, of water. This final fraction was dialyzed versus water containing 
7 X 10“'’ M KOH, then versus 3 X 10“'’ m KOH, and finall}’’ versus neutralized 
distilled water. Such purified preparations were unstable to freezing, uii- 


Table II 

SnnnnarT/ of Pvrificalion and Yield; Step 5 through Step 9 


Fraction 

Total 

Specific 

activity 

Per cent 
original 
activity 

Carbohydrate 

units 

Protein 

Step 5. 3rd alcohol 


8.8 

100 

20:1 

“ 6. Eluate of gel 

« 7 

4th alcohol 


14,3 

87 

1.8:1 

1 

4100 1 

15.5 

68 

! 1.3:1 

After diatysis and centrifugation 

Step 8. 

4100 

22.4 

68 

1 1:1.1 

2nd gel supernatant fluid 

3320 

28.0 

55 

1.2:1 

Eluate, 3rd gel 

2930 

24.6 

48 

1:8 

Step 9. Final ammonium sulfate 

2370 

28.5 

39.5 

1:24 


less protected by glycjdglycine as described below. Further ammonium 
sulfate precipitation was possible and reduced the carbohydrate content 
to veiy low levels. At times the preparations of Step 8 or Step 9 were 
centrifuged for 40 minutes at 100,000 X g at about 3° to remove traces of 
sedimentable material. 

Properties of Liver Phosphorylase 

Various preparations of purified liver phosphorylase possessed specific 
activities of 28 to 30. When activity was determined at 30° under condi- 
tions for which first order kinetics were followed, these preparations were 
found to possess an activit 3 '- of about 3800 units per mg. of protein, as de- 
fined by Cori et al. (12). Liver phosphoiylase with a specific activity of 18 
was reported homogeneous when examined bj" ultracentrifugal and electro- 
phoretic techniques and had a molecular weight calculated to be 237,000 
gm. (7). Pltysical studies of the more active recent preparations (specific 
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actmty of 28) have been limited to a determination of the sedimentation 
constants. The value of Sm '^'as found to be 8.4, vhich agrees with the 
pre\'iously determined sedimentation constants.® 

Liver phosphorylase was very soluble in water or in the presence of vari- 
ous dilute salts. ^^Tlen freed of carbohydrate, the enzjTne slowly lost ac- 
tir-ity at 3°, or at room temperature, and rapidly lost actmty on freezing 
at —20°. The enzjine was relativelj’’ stable when frozen at —20° in gly- 
cylglycine buffer (0.2 m, pH 7,4), although repeated freezing and thawing 
in this buffer resulted in some loss of actmty. The enzymatic actmt 5 '- was 
increased 15 to 40 per cent bj’’ the addition of S-AhlP or inosine-5-phosphate 
to the reaction mixture in final concentration of 10“’ M. Cysteine and 
glutathione did not stimulate purified liver phosphoiylase, although the 
inhibition of liver phosphorj'lase bj’' p-chloromercuribenzoate (10“^ to 
10“® si) was reversed by these compounds. The enzjTne was inhibited 
by heasy metals; c.g., strong inhibition was caused b}”- addition of 10“® 
SI Hg^, 10"’ SI Ag^, or 10"’ si Cu+^ to the reaction mixture. Since the 
enzjnne is sensitive to heasy metals, it seems likely that some preparations 
may he stimulated by metal-binding agents, but to date little or no stim- 
ulation bj’ metal-binding agents has been obsen’ed. 

The pH optimum for actisut}’- was near 6.4; the actisitj’ fell rapidly below 
pH 6.0 and above pH 7.0. Glycogen was a necessarj’- component in the 
reaction mixture, and the purified enzjTne catalyzed the formation of a 
polysaccharide which gave a blue color with iodine. During earl 3 ^ frac- 
tionation liver phosphorjdase accompanied the glj'cogen; moreos’er, when 
freed of gl 3 ’'cogen, it still tended to associate with added glj'cogen. This 
could be shown bj^ comparing sedimentation at 100,000 X g without and 
with added gljmogen; phosphor jdase remained in the supernatant fluid after 
40 minutes of centrifugation without glj'cogen, but in the presence of added 
gtycogen was found in the sediment. 

SUMMABT 

The preparation of purified liver phosphorjdase has been described. This 
procedure resulted in greater yield of the enzjTne with higher specific activ- 
ity than reported pre^-iously. 

The authors wish to thank Aliss Arleen Maxwell and Mr. James Darns 
for technical assistance in these studies. 
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THE RELATIONSHIP OF EPINEPHRINE AND GLUCAGON 
TO LDTSR PHOSPHORYLASE 

II. EXZYiUTIC rNTACTn^ATION OF LIITER PHOSPHORYLASE* 

Br WALTER D. WOSILAIT and EARL W. SUTHERLAND 

(Front the Department of Pharmacology, School of Medicine, Wesiem Reserve 
Universily, Cleveland, Ohio) 

(Received for publication, June 16, 1955) 

The inactivation of liver phosphorj'Iase in slices or extracts is catal}'zed 
b 3 ' an enzjTne vhich vas designated liver phosphorj-lase-inactivating en- 
zyme (1). The inactivated phosphorylase formed in slices could be reac- 
tivated following addition of epinephrine or glucagon. In order to study 
the inactivation of purified LP‘ the inactivating enzjme was purified to a 
degree adequate for these studies. The soluble purified enzyme, on incu- 
bation mth LP, caused a release of inorganic phosphate coincident with 
the loss of phosphorylase activity (2). The release was measured chem- 
ically in TCA supernatant solutions of enzymatically' inactivated LP, and 
also by radioactivity' when the substrate was radioactive phosphorylase (3). 
Ultracentrifugal analysis of LP and inactive LP showed that the two forms 
had the same sedimentation constant. The term inactive LP was used 
since acthdty was not restored when tested in the presence of 5 -AjN'IP, 
another example of differences easting between phosphory'lase forms in 
liver and muscle. This paper deals with the purification, properties, and 
mode of action of the inactivating enzyme from liver. 

Methods 

Materials — ^The fiver phosphory'lase used routinely as a substrate in these 
studies was the third alcohol fraction (4) which had been dialyzed overnight 
against water. These preparations were stable for months at —20° and 
withstood repeated freezing and thawing. F or the large scale inactivations, 
dialy'zed samples of LP of Step 9 (4) were used. In some cases these were 
precipitated with 2 volumes of cold neutral Versene-treated ammonium 
sulfate preAnously saturated at room temperature. The precipitate was 
dissolved in cold water, centrifuged for 40 minutes at 100,000 X g, repre- 

* This research was supported in part by grants from the National Science Founda- 
tion (No. G-660) and Eli Lilly and Company. 

^The following abbreviations are used: LP, dog liver phosphorylase; IE, liver 
pbosphorylase-inactivating enzyme; Tris, tris(hydrox 3 Tnethyl)aminometh 3 ne; 
G-l-P, glucose-1 -phosphate; 5-.\iMP, adenosine-o-phosphate; TCA, trichloroacetic 
acid. 
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cipitated as above, dissolved in a minimal amount of cold water, and di- 
alyzed. The specific activit}'- of these samples varied between 20 and 31. 

Gl3''cogen, G-l-P, Tris, ammonium sulfate, and calcium phosphate gel 
were prepared as described in Paper I (4). The ammonium sulfate solu- 
tions used were saturated at room temperature and neutralized with con- 
centrated NH^OIi. Sodium sulfate was reciystallizcd from an aqueous 
solution saturated at 45° containing 0.0 gm. of disodium Versene per liter. 
After standing o\'ernight at 0°, the ciystals were wa.shed successively with 
ethanol, ethanol and elher (Gl), and ether. The dried ciystals were 
healed for about 24 hours al 1 10°. 

Caffeine and 5-A]\'IP were purchased from Ihe Nutritional Biochemicals 
Corporation. Phosvitin was purchased from the Worthington Biochemical 
Corporation. The samples of a- and /3-casein were gonerouslj^ supplied ly 
Dr. T. L. McMeekin of the Eastern Regional Research Laboratory. 

Analytical Methods — The anal3’-tical procedures used were as preCously 
described (4), except that a number of anal3’-tical procedures were adapted 
to 0.5 ml. systems and absorptions were measured in P3’'rocells in a Beckman 
model DU spectrophotometer. Among the procedures adapted were phos- 
phorus determinations b3’- the methods of Fiske and Subbarow (5) and 
Lowiy and Lopez (6), pentose with the use of orcinol (7), carbolydrate 
with anthrone (8), glucose according to Nelson (9), and ashing of samples 
with pei’chloric acid as descrilied b3'’ Bessey cf al. (10). 

Tissue Samples — Samples for the eiwyme surve3’’ were obtained from a 
3’-oung male dog which had been anesthetized with ether and bled b3'’ sever- 
ing the neck vessels. Samples of various tissues were placed in test-tubes, 
frozen immediately in a dry ice-alcohol bath, and then stored at —20° until 
ready for assa3^ In most cases the extracts for the surve3'- were prepared 
ly grinding samples of the tissues in a cold TenBroeck glass homogenizer 
with 10 to 20 volumes of cold water. The protein concentration of the 
\mrious homogenates for the survey was determined b3'^ tlie method of 
Weichselbaum (11). 

Standard Assay — The activity of IE was determined by measuring the 
amount of LP inactivated during a 10 minute incubation with IE at 37°. 
The reactions were started by the addition of 0.2 ml. of IE (about 1 7 ol 
purified enzyme) to a mixture at room temperature containing 0.5 ml. ot 
0.1 M Tris (pH 7.2), 0.2 ml. of caffeine (1.0 mg. per ml.), approximate^ 0.75 
unit of LP, and water to a final volume of 1.5 ml. After a 10 minute incu- 
bation at 37°, 0.5 ml. of a solution coiitaining 5 per cent G-l-P, 1.5 per cent 
glycogen, and 0.3 M NaF (adjusted to pH 6.1 with HCl) was added and Ihe 
residual LP was determined by measuring the rate of liberation of phos- 
phate from G-l-P. After an additiojial 10 minutes at 37°, a 0.5 ml. aliquot 
of the reaction mixture was transferred to cold TC'' 
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phosphate present in an ecjuivalent of 0.1 ml. of reaction mixture was 
determined. The per cent of LP inactivated was determined bv* the dif- 
ference from a corresponding control in which IE was omitted; values were 
used when the extent of inactivation was less than 05 per cent. The rate 
of inactivation with purified IE was almost linear to 50 per cent inactiva- 
tion; however, correction factom were used in the 50 to 65 per cent range 
in order to convert to linearity; for example, the factor at 55 per cent was 
1.05, at 60 per cent 1.10, and at 65 per cent 1.15. 1 unit of inactivating 
enzjTne was defined as that amount wliich catalyzed the inactivation of 1 
unit of LP in the above assay. The specific activity was expressed as 
units per mg. of protein. 


RcsitUs 

Purification Procedure 

Steps 1 and 2 — ^The first two steps of purification were the same as 
those used in purihang LP (4). The animal was sacrificed, the liver was 
perfused with fluoride, and, after homogenization in a Waring blendor, a 
filtrate was obtained bj' use of a Hormann filter press. The specific 
activity of the homogenate varied between 1.1 and 1.6, while that of the 
filtrate was about 2. The inactivating enzv-me was adsorbed on calcium 
phosphate gel as described and the supernatant solution was used as a 
source of phosphorjdase. These and all subsequent steps were carried 
out at 0-3° unless specified otherwise. 

Step 3. Gel Washes and Elution — ^The gel was washed twice with 0.02 
Ji Tris (pH 8.0) containing 10“^ m MgCU (1 hter per 300 to 400 gm. of liver), 
then washed three times in a similar fashion except that the buffer was at 
pH 9.0. The last wash was 0,5 the volume of the previous washes in 
order to collect the gel in one centrifuge bottle. Glass-distilled water was 
used routinely, and gel collections were made by 10 minute centrifugations 
at 500 X g. 

Elution was carried out at 30° for 10 minutes, a volume of a solution of 
0.05 M Tris (pH 10) and 0.3 JsaoSO^ equal to one-half the weight of the 
tissue being employed. The eluted gel was collected bv' centrifugation at 
7000 X g at room temperature for 10 minutes and discarded. The clear 
yellow eluate was chilled in an ice water bath and adjusted to pH 8.0, as 
measured with the glass electrode, with 1 x acetic acid. Adsorption of 
the enzvTne on the gel, combined with extensive washing and subsequent 
elution, resulted consistently in a 40-fold or greater pmification. ^^Tiile 
purification at this step was consistentb' good, the vdelds were variable. 

Step 4- First Ammonium Sulfate Fractionation — Ammonium sulfate pre- 
cipitates were collected after waiting for 10 minutes by centrifugation 



472 


INACTIVATION' OF LIVKIJ I’lIOSPIIOnVTASE 


for 10 minutes nt approN'imatcly 7000 X (j. I volume of saturated ammo- 
nium sulfate Avas added to tlie cluatc. Tlie cnz3'’mo was precipitated from 
the supernatant solution by adding 23 grn, of ammonium sulfate and 1 
ml. of 1 N KOH per 100 ml. of cluate. The precipitate was dissolved in 
0.1 M Tris (pH 10) h}'’ using 3.0 ml. per 100 gm. of tissue. This step re- 
sulted in almost 2-fold purification. 

Siep 5. Second Ammonmm Sidfate Fractionation — A fraction was re- 
moved the addition of G/11 volume of saturated, Versene-treated am- 
monium sulfate. This step was somewhat variable and often an additional 
drop or 2 of ammonium sulfate were required to get the slight desired 
haze. The solution was centrifuged and the precipitate was discarded. 
The supernatant solution Avas made more alkaline by the addition of 0.5 
N KOH (2 ml. per 17 ml. of solution) and AAms brought to 50 per cent 
saturation AAdth saturated ammonium sulfate. The precipitate was col- 
lected and dissohmd in 1 ml. of 0.2 m Tris (pH 9.0) for testing. The en- 
zyme AAms quite stable Avhen Ij^philized and lyophilization was carried 
out after the addition of 2 ml. of 0.2 m Tris (pH 9.0) per ml. of enzyme 
solution. Specific actiAuties of this fraction ranged betAAmen 200 and 300 
Avith about 10 per cent recoAmiy of the total activity in the homogenate. 

Step 6. Ethanol Fractionation of Lyophilisate — The poAA'der AA^as stable 
for Aveeks AAdien stored in the cold under Amcuum and portions could be 
purified further Avlien needed. For example, 18 mg. of poAA^der AA^ere 
dissoKed in 1.5 ml, of 0.05 m Tris (pH 8.0) and 1.5 ml, of 1 per cent NaCI. 
The enzyme AAms precipitated by adding 1.5 ml. of 80 per cent ethanol 
(—20°). The solution AAms alloAA'ed to stand for 7 minutes in an ice AAmter 
bath and Avas centrifuged for 7 minutes at approximately 1000 X ^ at 
0-3°. The precipitate Aims dissoh^ed in 1 ml. of 1 per cent 'NaCl. Such 
preparations Avere generallj'- used, but often these samples were heated for 
15 minutes at 50° before use. Fractionation AAuth ethanol often resulted 
in a 2-fold purification AAdth 50 to 70 per cent recovery of actiAuty. These 
preparations Avere soluble and the actiAdt}'- remained in the supernatant 
solution AAhen centrifuged for 40 minutes at about 75,000 X g. 

Distribution of Enzymes — The results of a surimy of Amrious dog tissues 
are shoAAm in Table I. The analyses were carried out under standard 
conditions Avith and Avithout the presence of 0.1 M NaF during the incuba- 
tion of LP Avith the tissue sample. Inliibition by fluoride AAms taken to be 
indicative of the presence of an inactiAmting enzyme (or enzymes) similar 
to the one present in liA'-er, Pancreatic extracts, for example, resulted in 
complete inactiA'ation of LP even in the presence of fluoride, presumably 
due to the action of pi’oteob^tic enzymes. In blood an inactiAmting en- 
zyme was found to be present in the red blood cells AAdiile little or no in- 
actiAmting enzyme AAms found in the plasma. 
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Properties of IE 

Stabiliiy of Enzyme — ^The condition found most suitable for storage of 
the purified enzyme Avas the Ij'ophilized state and little actiAuty AA'as lost 
over a period of Aveeks at 0 ° in vacuo. The enz3'me, after fractionation 
Avith alcohol, iisuallj' stored aa'cH at 3 “ for a daj' or 2 in relath’el}' high 
concentrations of XaCl and could be incubated at 50 ° for 15 minutes to 
inactiA'ate contaminating enzjTnes, such as small amounts of p 3 Tophos- 
phatase, Avith little or no loss of IE actiA'it3". The enz3Tne AA’as not stable 
in a dilute state for extended periods and all actiA'it 3 ' determinations AA’ere 


Table I 


Distribution of Inactivating Enzymes in Dog Tissues 


Liver 

Kidnej’ 

Spleen 

Pituitary 

Base of brain . 

Brain cortex 
Lung 

Skeletal muscle . . . . 

Heart . 

Bladder 

Intestine . 

Intestinal mucosa . 
Femoral arterj' . . 


Tissue 


SpeciSc acti\ itj* ** 


1 . 2 - 1. 6 
1.2 
0.5 


0.4 

0.1 

0.1 

1.0 


0.3 

0.3 

O.S 

0.4 

0.6 

0.4 


* See the text for unit of measurement. 


made just after dilution in 0.005 m Tris (pH 7.2). Enz 3 Tnatic actiA'it3’' 
Avas lost rapidty beloAV pH 5.5. 

pH Optimum — The effect of pH on the euz3TOatic inactiA'ation of LP 
AVas determined b3^ substituting 0.01 ai buffers for 0.1 ii Tris (pH 7.2) in 
the standard assa3'^. This loAS’er buffer concentration was chosen so as to 
aA^oid pH changes in the final anal3"sis of phosphor3'lase actiA'it3'. The 
optimum for actiA'it3’’ was near pH 8 , as shown in Fig. 1 ; stabilit3^ measure- 
ments accompan3Tng the measurement of the pH optimum showed that 
this was not a result of an increased stabilit3^ of the enz3'me. Gl3'C3’’l- 
gh'cine and Tris buffers serA'ed equall3' well, Yeronal and gh'cine were less 
satisfactory, AA'hile citrate and p 3 Tophosphate were unsuitable since the 3 ’ 
inhibited 70 per cent or more at lO"- and 10-^ m, respectively. 

Effect of Substrate Concentration — Since the substrate molarit3' was A'er3' 
loAV (7 X 10“® m), it Avas of interest to determine Avhether IE Avas saturated 
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at. this low level. Standard assays ■were carried out, except for varying 
the initial LP concentrations and making appropriate dilutions of the 
reaction mixtures to cany out assays for the residual phosphoiylase. It 
was found that IE was not saturated witli substrate in tlie amounts used 
in the standard assay or by 10 times that amount of LP. 

Egcci. of Varmfs Comyomids on Rale of IE Adivily — The effect of 
various ions on IE activity was studied by separate additions to the 
standard assa 3 ^ At the same lime tlie effect on controls containing LP 



Pig. 1. Effect of pH on IE activity. The standard assay vas used with 0.01 M 
buffer as indicated in place of 0.1 m Tris. ® — acetate, X == Tris, O = gb^c^dgly- 
cine, A = imidazole. 

and no IE was studied. At final concentrations of 5 X lO"”^ m, Na+, KL 
and had no influence on the rate of the enzymatic reaction, wliile at 

final concentrations of 5 X 10"“® m and lower, Hg++, Al'*~'^+, and Zn+'*' 
markedly decreased IE activity. A number of salts used in purification 
exerted inliibitory effects at concentrations of 0.013 m and greater, e.g. 
NaCl, Na 2 S 04 , and (NH 4 ) 2 S 04 . NaF was found to be an inlnbitor of IE 
and 90 to 100 per cent inhibition was approached when the final concen- 
tration was 0.01 M. A number of other substances tested for their effects 
on the reaction included Versene, glutathione, and cysteine which ap- 
peared to have no significant effect at 10~® m concentration. 

The purified enzjane was inhibited by 5-AMP and inosine-5-phosphatc, 
as noted previously when cmde enzyme was studied (1). The activity of 
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the purified enzyme on liver phosphor 3 'lase was stimulated bj* the addition 
of caffeine and theobromine, as reported previously (1), and also by 
menadione. 


Products of Enzymatic Inactivation of LP 

Formation of Inorganic Phosphate— With, purified preparations of in- 
activating enzjTne and liver phosphorylase, experiments were performed 
in order to determine whether some small group might be formed during 
the inactivation reaction. Since the substrate in these reactions was of 
high molecular weight, it was necessarj' to use relatively large amounts of 
the dialyzed enzj-me (200 to 500 units of phosphorjdase purified through 
Step 9 (4) or further). Phosphor jdase was incubated at 25° for 30 to 60 
minutes with and without the addition of IE protein usuall}' in amounts 
var 3 'ing between 0.5 and 2.5 per cent of the amount of LP protein. The 
pH of the reaction was determined bj' that of the two protein solutions 
used and was usually about 7.3. Following incubation, some inactivated 
samples were dialyzed versus small volumes of water and the dialysates 
were compared ndth those from controls. In most cases inactivated 
samples were treated with TCA or perchloric acid and, after centrifuga- 
tion, the supernatant solutions were compared with those from controls. 
A comparison of dialysates or TCA supernatant fluids of phosphorjdase 
with and ndthout enzjTnatic inactivation revealed no differences in amounts 
of pentose, ultraAiolet-absorbing material, phenolic tj-pe compound, or 
peptide. Inorganic phosphate, however, was formed from LP during 
inactivation and, as reported earlier, the time-course of liberation of 
phosphate from LP was coincident with the loss of LP activity (2) . Table 
II summarizes an experiment in which the amount of phosphate released 
paralleled the loss of enzymatic actridtj'. It can be seen that negligible 
amounts of TCA-soluble phosphate are released from LP or IE alone and 
that release of phosphate from the two together ceases when inactivation 
ceases. The amount of phosphate liberated was essential! the same when 
measurements were made for stable phosphate or for phosphate as deter- 
mined by the method of Fiske and Subbarow or by the procedure of 
Lowry and Lopez, From ten experiments the amount of phosphate lib- 
erated was calculated to be 0.3 -y of P per mg. of LP (on the basis that 
30 units of LP equal 1 mg. of LP) or about 1 mole of phosphate per 100,000 
gm. of enzjme. This appears to represent about 25 per cent of the total 
phosphate present in these preparations as determined b\' ashing (10). 
ItTiether this extra phosphate is related to LP or to a contaminant is not 
yet clear, but treatment ndth Horit or incubation with ribonuclease does 
not appreciably lower the phosphate content, nor is the extra phosphate 
released on prolonged incubation with IE as shown in Table II. 
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The formation of TCA-.soluble phosphate during inactivation was also 
measured b}’’ the use of isotopes. Purified radioactive (P^-) pliosphorylasc 
was prepared for use as a substrate, as described in Paper III (12), by 
incubating liver slices with P'’'“-ortho])hosphatc and epincpln-ine. Table 
III summarizes an experiment in which chemical measurements of TCA- 
sohible phosphate were accompanied by measurements of isotopic phos- 
phate in both TCA supernatant, fluids and pret'ipitates. It can be seen 
that the radioactive phosphate (which had been incorporated into LP in 
slices) remained witli the TCA precipitate before enzyme inactivation, 
but that most of tlic radioisotope became d’CA-soluble during enz3anatic 

TAni.i; II 

Inorganic Phosphate Formation during Enziimatie Inartiration of LP 
To 15.5 Dig. of LP in I. .3 ml. w.n.s added 0.05 ml. of IE (20 ■>, of protein) and ihe 
mixture was incubated at 25°, as were the samples of IE and LP alone. At the indi- 
cated times small aliquots were removed for activil j" determinations in the standard 
LP assay containing 5-AMP. Release of inorganic phosphate from LP was meas- 
ured after sampling 0.2 ml. aliquots into 0.4 ml. of 7.5 per cent TCA. Following 
centrifugation, 0.4 ml. of the supernatant solution was used in the anab'sis. 



IE 

LP 

lE-fLP 

Time 







7 P‘ 

7 P per mg. LP 

Per cent activity 




ffltti. 






0 

0.03 

0.01 

100 

0.02 

100 

50 




0.33 

36 

95 

0.01 

0.02 

105 

0.32 

27 

300 



94 

1 

0.32 

25 


* In this case the amount of P found in the TCA supernatant fluid was not related 
to the mg. of LP but to a volume equivalent to that containing 1 mg. of LP. 


inactivation. These results and others (12) indicate that onl}’’ the phos- 
phate which is released from LP by IE equilibrates rapidlj^ with phosphate 
within the slice. 

Specificity Studies — The liberation of phosphate from LP prompted a 
number of experiments to determine whether or not the purified heat- 
treated inactivating enzyme catalyzed the release of phosphate from 
other phosphoproteins and non-protein phosphate esters. Non-protein 
phosphate esters at a final concentration of 10"^ m were incubated in the 
usual test sj'-stem, except that caffeine was omitted, since it was not a 
necessary component for the release of phosphate from LP. 100 to 200 
times the usual amount of IE was used and incubations were earned out 
for as long as 4 hours at 25°. In each case the effect of Mg++ (10~^ m) 
was tested. After incubation, 0.5 mi. aliquots were added to 0.8 ml. 
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portions of tO per cent TCA. Following centrifugation, 1.0 ml. aliquots 
were analyzed for phosphate In* the method of Fiske and Subbarow, 
adapted to a 1 ml. system. IE was found to liberate no significant amount.^ 
of phosphate from a-glycerophosphate, p-nitropheii}'! phosphate, 5-AIiIP, 
adenosine diphosphate, adenosine triphosphate, creatine phosphate, phos- 
phoenolp 3 nnvate, glucose-1 -phosphate, fnicto«e-l ,6-diphosphate, ribose- 
5-phosphate, or pvTophosphate even in the presence of 
Se\'eral known phosphoproteins were incubated with IE under condi- 
tions similar to those described above. Phosphate was found to be re- 
leased from phos\’itin, and on longer incubation approximately' 10 per 

Table III 

Formation of TCA-Sobiblc Phosphate Measured by Isotopic and Chemical Methods 
To 9.0 mg. of LP in 1.9 ml., having a total of S95 c.p.m. (9-1 c.p m. per mg. of LP), 
nas added 0.05 ml. of IE (46 -/ of protein). Incubation nas carried out at 25“ and 0 5 
ml. aliquots nere transferred to TCA at the indicated times. After measuring P 
chemicallj in the supernatant solution, aliquots of the phosphomolybdate complex 
were dried and counted. The TCA precipitates were transferred to planchets, dried, 
and counted 


Incubation time with IE 

TC\ fraction 

C p m per m? LP 

1 

P per tag LP 

inn 



7 

0 

] 

Supernatant j 

5 

0.13 


Ppt. 

82 


85 

Supernatant i 

75 1 

0.45 


Ppt. 

26* 


A 

0..32 


* Since the precipitates were not washed, an appreciable portion of supernatant 
solution was present in the precipitate; after correction this value would be lower. 


cent of the total phosphate appeared as inorganic phosphate. Smaller 
amounts of inorganic phosphate were released when a-casein was the 
substrate, while no measurable amounts of phosphate were released from 
d-casein or ovalbumin. A comparison was made of the action of IE on 
LP and phosvitin and, as shown in Table IV, the action of the enzyme on 
both substrates was inhibited by KaF and XaCl. Enzyme activity- was 
not stimulated by- i\Ig^, and the enzymatic actmties were parallel when 
heat-treated as indicated. 

Xo proteoly-tic activity- was found when purified IE was tested with 
several proteins as possible substrates. 

Charaderishcs of Inactive LP — ^The effect of enzy-matic inactivation on 
the sedimentation constant was determined by- ultracentrifugal analy-sis of 
LP with and w-ithout enzymatic inactivation. Prior to inactivation the 
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Tatiix IV 

Covipau'soi) of IE Activiln ou LP and PJiowilin 
The activity to\Yarcls LP vas siutlicd in the standard IB assay ■with the indicated 
modifications. The healed samples of IE were Ij'ophilized samples put through an 
alcohol step, adjusted with acetate hulTer or Tris, heated as indicated, then chilled, 
neutialized, and tested. The activity towards phosvitin was studied by use of the 
modified assa}' in which caffeine nas omit led and LP was lepl.aced b 3 ' LS mg. of di- 
alyzed phosvitin. The leactions ^\crc stojiped wit h TCA after 3 hours incubation at 
25° and phosphate was measured in the supeinaf.ant fluid. 


Treatment 

TtTcct on activity towards 

tv \ 

1 

Pliosvitin 

0.15 Ai NaCl in loaction mivturc 

78% inhibition 

78% inhibition 

0.01 “ NaF “ 

95% 

70% 

0.002 at hlgCL in reaction mix- 

No effect 

No effect 

ture 



Pretreated for 15 min. at pH 4.0 

Complete inactivation 

Complete inactivation 

and 37° 



Pretreated for 15 min. at pH 8.0 

00-85% recovery 

60-85% recover^' 

and 50° 





Fig. 2. Ultracentrifugation of LP and inactive LP. Tj'pical sedimentation pat- 
terns of active LP (upper pattern) and inactive LP (Ion er pattern) made simultane- 
ously at 196,900 X g. Two time periods, showing sedimentation at 32 and 40 
minutes, are presented to illustrate the character of the peaks observed during 
sedimentation. 
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samples were dialyzed overnight versus 0.1 m NaCl and 0.002 si Tris, pH 
7.4. To 16 mg. of LP in 2.0 ml. of the indicated media was added 0.46 
mg. of IE in 0.2 ml. of the same media. The reaction mixture along A\-ith 
the corresponding control (containing all components except IE) was 
incubated for 1 hour at 25°. During this period the control lost no actmty, 
while in the sample containing IE there was little or no LP activity. 
Both samples were redial 3 ’’zed with continual shaking for 2 hours before 
ultracentrifugation. The samples were centrifuged in a Spinco model 
D ultracentrifuge at 196,900 X g and at 26.4°.= As indicated in Eig. 2, 
there was a single sj-mmetrical peak for LP and inactive LP and both had 
the same sedimentation constant (s 2 o = 8.4) at identical enzyme concen- 
trations.= The displacement of the peaks is a result of different bubble 
sizes in the two cells. The actmties of the suspended samples after 
centrifugation were essentially the same as before centrifugation. Assay 
of the reaction mixture in the absence of 5 -AjMP indicated that 98 per 
cent inactivation had occurred, while assay in the presence of 5-AMP 
indicated that 78 per cent inactivation had occurred. As mentioned 
preAUOusly, inactive LP differs from a “b” form of phosphorj'lase in that 
enzjmatic actmty is not restored on addition of 5 -AjS'IP to the reaction 
mixture. Usually when complete inactivation occurred, as judged by 
assay in the absence of 5-AlMP, approximately 85 per cent inactivation 
occurred, as estimated by assay in the presence of 5-AMP. 

DISCUSSIOX 

The study of an enzjme exerting its catalj-tic action on a substrate in 
vitro, which is also an intracellular enz 3 Tne from the same tissue, posed 
some special problems. In addition to the problem of obtaining substrate 
quantities of purified enzyme, the preparation of the substrate (LP) was 
complicated by the very presence of the catalyst (IE). Moreover, since 
the substrate was of high molecular weight, it would be expected that the 
yield of any small fragment would be low in relation to the total amount of 
substrate used. Experiments reported in this paper showed that the 
amount of small product formed (inorganic phosphate) was approximately' 
0.03 per cent of the substrate by weight. 

In the standard IE assay the LP concentration was estimated to be 
7 X 10~® M. In liver cells, however, the concentration of phosphorylase 
is much higher and was estimated to be 1.8 X 10“® M (a concentration 
approximately one-tenth that used in the large scale inactivations). The 
molar concentration of IE present in Ih'er cells cannot yet be estimated, 

- Measurements performed at the Cleveland Clinic. M. D. Schoenberg, personal 
communication. 
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but the enzjanc concentration in liver is sufficient to catalj^ze the inactii'a- 
tion of all LP present in several minutes or less. 

All evidence to date indicates that IE is a phosphatase. No materials 
except phosphate and inactive LP were found to be products of the in- 
activation reaction; hence liver phosphoiylase phosphatase might be 
considered an appropriate name for the enzjmie. Evidence supporting 
this view is reported in Paper III (12) where it is shown that inactive LP, 
after extensive dialysis, could be reactivated in the presence of another 
enzyme fraction and adenosine triphosphate. Phosphatase activity was 
not exhibited when IE was incubated with a number of simple organic 
phosphate caters, but some pho.sphate was released from phosvitin and 
a-casein. The amounts of phosphate released were small, however, and 
it is not entirel}'^ clear that phosphoserine proteins are the necessary sub- 
strates for IE. The natui-e of the organic phosphate moiety in LP is 
currently under investigation and future results maj’- permit a more exact 
descriptive name for the enz 3 '-me. 

The dephosphophosphoiylase (inactive LP) formed during the reaction 
sedimented at the same rate as the active form. Thus, there did not 
appear to be a gross change in the phosphorjdase molecule, as was re- 
ported when phosphoiylase a from rabbit muscle was incubated vith the 
phosphoiylase-rupturing enz 3 mie (13). Therefore, the exact relationship 
of IE to the phosphoiylase-rupturing enzyme is not clear, especially since 
the enzymes studied were different in origin and properties. 

Results to be published at a later date indicate that IE from dog heart 
muscle is similar to the one from dog liver. Higlil 3 ^ purified inactii^ating 
enzyme from dog heart was also found to catal 3 ’'ze the release of inorganic 
phosphate from liver phosphoiylase as did the IE from dog liver. 

SUMMAKY 

1. The purification and properties of a soluble liver phosphoiylase- 
inactivating enzyme from dog liver have been described. 

2. The inactivating enzyme catalyzed the conversion of liver phosphor- 
ylase to an inactive form whose activit 3 ’- was not restored by adenosine-5- 
phosphate. Products of the enz 3 '-matic inactivation were inactive liver 
phosphoiylase and inorganic phosphate. Inactive liver phosphoiylase 
sedimented at the same rate as the active form. 

3. The inactivating enzyme exliibited phosphatase action when incu- 
bated with liver phosphoiylase and slight phosphatase activit 3 ’' was noted 
on incubation with phosvitin and a-casein. No phosphatase activit 3 ’' was 
noted, however, on incubation with a number of simple organic phosphate 

esters. 
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THE RELATIONSHIP OF EPINEPHRINE /'lND GLUCAGON 
TO LIVER PHOSPHORATLASE 


III. REACTIVATION OF LIVER PHOSPHORYLASE IN SLICES AND 

IN EXTRACTS* 

By T. W. RAI>L, earl W. SUTHERLAND, .\.vd WALTER D. WOSILAIT 

{From the Deparhneni of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 

(Received for publication, June 16, 1955) 

E\'idence has been presented which showed that the enzj'matie inactiva- 
tion of liver phosphorylase was accompanied by the removal of phosphate 
from the enzjTne (1, 2). It was reasoned that the conversion of dephos- 
phophosphorylase (inactive LP)* to the active enzimie should involve the 
addition of phosphate to the molecule. Therefore, the reactivation process 
was studied in liver slices with P^--orthophosphate to detect entrance of 
phosphate into the enzjTne and also in liver extracts with purified dephos- 
pho-LP as substrate. 

It was found that P’--orthophosphate was rapidly incorporated into 
phosphoiylase in liver slices and this incoiporation was greatly increased 
under the influence of epinephrine and glucagon. Furthermore, a soluble 
liver eirzjTne- capable of converting dephospho-LP to LP in the presence 
of ATP and magnesium ions was found and purified. 

Methods 

Preparation of Diver Slices — Healthy adult dogs under secobarbital 
anesthesia were sacrificed and bled by severing the neck arteries. After 
cannulation of the portal vein, the livers were perfused with cold 0.9 per 
cent NaCl, then removed and chilled for 10 minutes in 0.9 per cent NaCl. 

* This research was supported in part by grants from the National Science Founda- 
tion (No. G-660) and Eli Lilly and Companj-. A preliminary report was presented 
at the meeting of the .American Society of Biological Chemists, San Francisco, .April, 
1955 (S). 

* The following abbreviations are used: LP, liver phosphorylase; dephospho-LP, 
liver dephosphophosphorylase; IE, liver phosphorylase-inactivating enzyme; .ATP, 
adenosine triphosphate; Tris, tris(hydroxjTnethyl)aminomethane; TC.A, trichloro- 
acetic acid. 

= This enzyme has been named liver dephosphophosphorylase kinase thus con- 
forming to current terminology. For convenience phosphokinase is used as an ab- 
breviation. It is pointed out that the use of the term kinase also conforms to an 
early definition in which a kinase was a substance which transformed a zjmogen to 
an enzyme. 
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Slices, measuring on the a\'crago 25 mm. X 20 mm. X 2 mm., ^vcrc cut 
free-hand in (he cold room. 15 gm. portions of the pooled slices ■were 
transferred to 250 ml. Erlenmcycr flasks and washed at least once by 
.swirling for 1 minute in 5 to G volumes of cold 0.9 per cent NaCl. After 
decantation of the wash fluid through gauze, 2 volumes of incubation 
medium (pH 7.4, 37°) were added to each vessel, which was then stoppered 
with a 2-holc rubber stopper and shaken i)) a bath at 37° at 120 oscillations 
per minute. The experiment was terminated by homogenizing the slices 
in a Waring blendor at 2°. The homogenates contained NaF at a final 
concentration of O.I m. 

Modification of LP Preparation — For some purposes the standard LP 
preparation procedure (3) was modified. The standard procedure was 
followed to the collection of the fourth alcohol fraction (Step 7). The 
precipitate was suspended in 0.1 Ar phosphate buffer (pH 7.2) and incubated 
at 25° for 30 to 40 minutes. The resulting precipitate was removed b}^ 
centrifugation and the supernatant fluid (containing LP) was dial3'zed 
against alkalinized water (2 X 10“^ n KOH) for 20 hours at 2°. 

Purification of Radioactive Phosphorylase — The homogenates of the 
liver slices were centrifuged for 20 minutes at 7000 X g- Radioactive 
phosphoiylase was purified from the supernatant solution either bj'" fol- 
lowing the standard procedure from Step 2 through Step 9, omitting Step 
8, or by the modified procedure described aboA’-e. Carrier dog liA^er phos- 
phorylase was added at various steps during the purification of the radio- 
active enzyme. 

Preparation of Depfiospho-LP — In order to stud}'’ the reacti\ration process 
in extracts, it was desirable to prepare batches of dephospho-LP which 
could be stored and used periodical!}'’. The stability of a dephospho-LP 
preparation to storage under A'-arious conditions appeared to parallel the 
stability of the LP preparation prior to enzymatic inactivation. For this 
reason preparations containing enough endogenous glycogen to stabilize 
them to freezing and thawing were used. For routine preparation of 
dephospho-LP about 45 mg. of LP (prepared by the modified procedure 
above) were incubated at 27° with about 150 units of IE (an alcohol 
fraction heated at 50° for 15 minutes (2)). Inactivation was allowed to 
proceed to completion, as judged by assay of activity in the absence of 
adenosine-5-phosphate (usually 60 minutes were required). The prepara- 
tion was then dialyzed versus alkalinized water for several hours in the 
cold with agitation and was stored at —20° in fifteen to twenty portions. 
Preparations of dephospho-LP obtained from more highly purified LP , or 
dialyzed more extensively (up to 24 hours), were reactivated at the same 
rate and to the same extent as those prepared as described above. 

Assay Procedures — Assays of phosphorylase and microdeterminations of 
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inorganic phosphate were made as described previously (2, 3). Assaj's of 
phosphokinase were carried out in a system containing (at final concen- 
trations) 1 X 10-= M ATP, 2.5 X 10-= M MgSO^, 2.0 X 10-= m NaF, 1 X 
10-= M Tris buffer (pH 7.4), 0.2 mg. per ml, of dephospho-LP, and the 
enzjTire solution to be assayed. Aliquots of the reaction mixture were 
removed at zero time and after 10 minutes incubation at 37° and were 
assayed for LP acth-ity in the standard s 3 '-stem (3). Radioactmty meas- 
urements were made on drj'- samples with an end window Geiger-jMiiller 
tube. 

MaieriaU — ^jS'Iaterials used in enzj'ine preparations and assaj' sj'stems 
were prepared as described previouslj' (3). P==-Orthophosphate, obtained 
from the Oak Ridge National Laboratorj', was diluted with 0.02 ii gb'C}’!- 
glj’-cine buffer (pH 7.4) before use. Epinephrine was obtained commer- 
ciallj’’ as a 1 per cent solution; glucagon was kindh' donated b 3 ’’ Eli Lill 3 ' 
and Compan 3 L Adenosine triphosphate, inosine triphosphate, uridine tri- 
phosphate, C3'tidine triphosphate, and adenosine diphosphate were obtained 
as the disodium salts from various commercial sources. 

Results 

Conversion of Depliosphoplwsphorylase to Phosphoryhse in Liver Slices 

Effect of Epinephrine and Glucagon on Incorporation of P== into Phos- 
phorylase — ^The response of dog liver slices to epinephrine or glucagon was 
similar to that obser\"ed when rabbit liver shces were used (4). Fig. 1 
shows the effect of incubating dog liver shces for varying periods of time 
at 37° on the concentration of phosphorylase. The concentration de- 
creased rapidly, reaching a minimal value after 15 to 20 minutes. Subse- 
quent addition of epinephrine (or glucagon) resulted in an extremeR 
rapid rise in the phosphor 3 ’-lase level (\vithm 5 minutes). It should be 
pointed out that, unlike rabbit fiver, dog fiver phosphoiylase deca 3 '-ed 
appreciably during the slicing procedure; the zero time concentration 
(Fig. 1) was lower than that in the fiver anal 3 '^zed before slicing. 

With the time relationships of Fig, 1 as a guide, dog fiver slices were 
incubated in the presence of P==-orthophosphate with and without the 
addition of epinephrine or glucagon. The results of an experiment of this 
t 3 ’pe are summarized in Table I. Three 15 gm. portions of fiver slices were 
preincubated at 37° for 15 minutes in 30 ml. of 0.15 ai gl 3 mylgl 3 ’cine 4- 
0.001 M phosphate buffer containing 1 me. of P==. This preincubation 
period permitted the inactivation of phosphorylase and the entry of P== 
into the slices. To one portion of slices 0.045 ml. of 1 per cent epinephrine 
was added (Sample E), to a second portion 0.66 mg. of glucagon was 
added (Sample G), and the third portion served as a control (Sample C). 
Incubation was continued for 5 minutes, at which time the incubation 
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media were decanted througli glass tubes in the nilibcr stoppers. The 
slices were waslied by swirling for 1 minute in 0,15 M KCl at 20 °, the wash 



Fig. 1. Effect of epinephrine on pliosphorylase concentration in dog liver slices. 
Seven 15 gm. portions of slices were incubated in 30 ml. portions of medium contain- 
ing 0.15 M gb’cylglycine -f 0.001 m phosphate buffer (pH 7.4). The slices were ho- 
mogenized at the indicated times and LP activit}' was determined. 

Table I 

Effect of Epinephrine and Glucagon on Incorporation of into Phosphonjlase 
15 gm. portions of liver slices were incubated for 20 minutes at 37° in 30 ml. of 0.15 
M glyc 3 dgl 3 ^cine -f 0.001 ji phosphate buffer (pH 7.4). 1 me. of was added to each 
sample at zero time. 0.045 ml. of 1 per cent epinephrine or 0.66 mg. of glucagon was 
added after 15 minutes incubation. Phosphor3da5e was purified with carrier addi- 
tions and enz 3 '^maticall 3 '^ inactivated as described in the text. 



Control 

Epinephrine 

Gluragon 

Units LP activit 3 ' per gm. slice (before carrier addi- 




tion) 

5.1 

!) 9 

S.l 

Units LP activit 3 '^ per mg. protein in final prepara- 




tion 

27 

29 

29 

% slice LP activity recovered 

6 2 

6 5 

5.1 

G.p.m. per % LP recovered 

42.5 

254 

194 

“ made TCA -soluble after inactivation per % 




LP recovered 

17.3 

179 

121 


fluid being decanted as before, and homogenized in 40 ml. of cold dis- 
tilled water containing added carrier phosphorylase. 7 ml. of 0.75 m 
N aT were added to each of the samples which were then homogenized for 
an additional minute. Each blendor was rinsed with 0.1 m NaF and the 
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rinse fluid was combined wth the homogenate. By ^drtue of the carrier 
additions, each homogenate had approximately the same amount of 
phosphorjdase acti\’ity. The phosphorjdase was purified to a final specific 
actmty of 27 to 29. As can be seen in Table I, the enz3Tne preparations 
derived from slices incubated with glucagon and epinephrine contained 
4.5 to 6 times the radioactmty of the control preparation. Upon incuba- 
tion of the final preparations with IE, most of the radioactmty became 
TCA-soluble. This point is illustrated in Fig. 2. Before exposure to 
IE, verj" little radioacti\'ity was TCA-soluble, whereas, after complete 



Fig. 2. Distribution of radioactivitj- in samples of radioactive LP precipitated 
by TCA. The LP samples were incubated for 30 minutes at 25° without and with 
EE and placed in 5 per cent TCA. The total height of each bar represents the sum 
of the radioactivity found in the unwashed precipitate and supernatant fluid after 
centrifugation. 

inactivation, most of the radioacthdtj’’ appeared in a TCA-soluble form. 
The difference between the TCA-soluble counts before and after inactiva- 
tion is recorded in the bottom line of Table I. It can be seen that en- 
zj'matic inactivation of the radioactive phosphorylase derived from the 
glucagon- and epinephrine-treated slices resulted in the release of 7 to 10 
times the amount of radioactmty released from the preparation derived 
from the control slices. 

Iv on-Exchange of Purified Labeled Phosphorylase with P^^-Orihophosphate 
— Before the experiment discussed in the premous section was performed, 
a prelimmarj’- experiment had indicated that exchange of P^- in the radio- 
active enzjTne with P^^-orthophosphate did not occur, even in the presence 
of gtycogen. In this experiment aliquots of a sample of radioactive phos- 
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phoiylase prepared fi-oni dog liver slices were inciiliated at 24° for 40 min- 
utes. One aliquot conlained pho.spliate hufl’er (0.01 m, p7T 7.0), a second 
contained phosphate and gl.veogen (0.3 per cent), and a third contained 
onl}^ enzyme and water. After incubation all three aliciuots had the same 
proportion of TCA-solublc and TCA-insoluhle radioactivity (17 per cent 
soluble and 83 per cent imsoluble). 

In the experiment summarized in Table I it should be pointed out 
that carrier enzyme was added diwing homogenization of the slices and 
was thereafter exposed to P^- and the endogenous gl,vcogen of the homog- 
enate for some 60 minutes (at a temperature of 2-8°) before (NKi) 2 SOj 
was added. Furthermore, dui’ing the purification procedure, the labeled 
enz 3 mie pj'epai'ations were subjected to a 15 hour dialj^sis versus O.J m 
phosphate butfer (pH 7.2) at 21°. During this step, there is digestion of 

Table II 

Non-Exchange of Labeled Phosphorylasc 


Labeled cnz^'nie preparations, derived from the e.vperiment described in Table I 
and purified to an average specific activity of 24, were dialyzed for 15 hours at 2T 
versus 0.1 m phosphate buffer (pH 7.2). 


Sample 

C p.m. per ms. protein 

Before dialysis 

.After dialysis 

c 

49.0 

42.5 

E 

221 

217 

G 

1 no 

12S 


the glycogen contained in the preparation with resultant loAvering of the 
carbohydrate content (3). As shown in Table II, under these conditions 
there Avas no loss of radioactivity during the dialj'^sis, as would be expected 
if the P®" incorporated into the enz^mie were to exchange with P^’-ortho- 
phosphate (or glucose-1 -phosphate). 

Effects of NaF, Epinephrine, and Glucagon on Incorporation into 
Phosphorylasc — Addition of NaF to preincubated rabbit liver slices also 
results in an increase in phosphorylase concentration (5). NaF is a known 
inhibitor of IE (2, 6) and presumabl}'' acts in slices by inliibiting the 
inactivation of phosphorylase. Since epinephrine and glucagon did not 
inliibit IE in extracts, it seemed possible that thej'' acted b^’’ a different 
mechanism. Howevei’, no effect of these agejits had been established in 
extracts, and it was not clear that a difference in mechanism of action 
existed (5). Therefore, the incorporation of radioactive phosphate into 
phosphorjdase during incubation with epinephrine or glucagon was coju- 
pared to incorporation in the presence of NaF. 
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Table III summarizes the results of an experiment in Avliich liA-er slices 
^vere incubated in a NaCl-buffer medium containing epinephrine or glu- 
cagon or in a XaF-buffer medium. After 10 minutes incubation, 1 me. of 
P^- Avas added and the incubation A\'as continued for 5 minutes. The 
slices and media were homogenized in a solution containing appropriate 
amounts of KaF so that the final concentration in the homogenate AA-as 
O.l M. The radioactiA'e phosphor 3 dase was then purified to a final specific 
acthritj' of 9 to 13 bj- the modified purification procedure described under 
“Methods.” In the last line of Table III is recorded the amount of 
radioactiA-itA' made TC.4-soluble after enzj-matic inactiA-ation of the final 
phosphorA'lase preparations. In aubaa' of the data obtained in the preA’ious 

Table III 

Comparison of Effects of XaF vrith Epinephrine and Glucagon on P^- Incorporation 

into Phosphorylase 

15 gin. portions of liA-er slices I'ere incubated for 15 minutes at 37° in 30 ml. of a 
medium containing 0.15 M XaCl (or NaF) 0.02 m glycylglycine -i- O.OOl m phosphate 
buffer (pH 7.4). 0.045 ml. of 1 per cent epinephrine or 0.66 mg. of glucagon was added 
at zero time to samples in NaCl. 1 me. of P’- was added after 10 minutes incuba- 
tion. Purification of phosphorylase with carrier additions and enzA-matic inactiA-a- 
tion of final preparations are described in the te\t. 


, XaF 

1 Epinephrine 

Glucagon 

Units LP acti\-ity per gm. slice j 

17.5 i 

1 14.9 

10.4 

“ “ “ “ mg. protein in final prepara- | 

i 



tion 1 

S.S 

10.2 

12.9 

% slice LP actiA-ity recoA-ered 

17.S 

15.3 

15.6 

C.p.m. made TC.A.-soluble after inactii-ation per % 



[ 

LP recoA-ered 

19.2 

128 

1 143 


experiment (Table I and Fig. 2), these A'alues liat'e been considered an 
index to the extent of incorporation of P’- into phosphoi^jdase. 

Although XaF AA-as et-en more effectiA-e than epinephrine and glucagon 
in maintaining a high leA-el of LP in the shces (compai’e the first lines of 
Tables I and III), the incorporation of P^- in the presence of XaF AA-as 
A'erj’- small (last line. Table III). Epinephrine and glucagon maintained 
the LP concentration moderatelj* AA'ell, but in these cases P’- was readil}- 
incorporated into the enzjnne. This indicated that fluoride inhibited the 
inactiA'ating enzj-me, thus preA'enting the remoA-al of phosphate from the 
existing LP and the incorporation of radioactiA'e phosphate into LP. On 
the other hand, results AA'ith epinephrine and glucagon again indicated that 
thej- might act bA- a different mechanism, since P^- Acas readily' incorporated 
into slice phosphorj-lase in their presence. 

Subsequent experiments AA-ere compatible with the abOA-e interpretation, 
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as shown by the example in Table IV. The slices were preincubated at 
37° for 10 minutes (Flasks 1 and 4 contained NaF-bulTer medium and 
Flasks 2 and 3 NaCl-bulTcr medium). Flask 2 contained epinephrine 
from the start of the experiment. After the 10 minute preincubation, the 
NaCl-butTcr medium of Flask 3 was replaced with the NaF-buffer medium 
containing 1 me. of P^-. At the .same time, 1 me. of was added to the 
other flasks and epinephrine was added to the NaF-buffer medium of 
Flask 4. Incubation was then continued for an additional 7f minutes. 

Table IV 

Conditions for Incorporation of P^- into Phosphorylasc in Presence of NaF 
15 gm. portions of slices were incub.itcd for 17J minutes at 37° in 30 ml. of medium. 
Flasks 2 and 3 contained 0.15 At NaCl -f- 0.02 gbrnylgl^^cine -h 0.001 ai phosphate 
buffer (pH 7.4), while Flasks I and 4 contained NaF in place of NaCl. 1 me. of P” 
was added to each flask after 10 minutes. 0.045 ml. of 1 per cent epinephrine was 
added to Flask 2 at zero time and to Flask 4 after 10 minutes incubation. The 
medium of Flask 3 was decanted at 10 minutes and replaced with 27 ml. of a solution 
containing 0.15 at NaF + 0.02 at glycylgb'cine + 0.001 m phosphate buffer. Purifica- 
tion of phosphorylase with carrier additions and enzymatic inactivation of final 
products are described in the text. 


Flask No. 


j 

j 

1 (NaF) 

2 (epine- 
phrine) 

3 

(NaCi-NaF) 

4 (NaF -h 
epinc- 
phrine) 

Units LP activity per gm. slice 

in. 7 

9.0 

7.9 

11.2 

“ “ “ “ mg. protein in final 

preparation 

mu 

14.1 

14.6 

1 14.1 

% slice LP activity recovered 


9.5 

8.5 

11.5 

C.p.m. made TCA-soluble after inactivation 
per % LP recovered 

40.0 

112 

225 

29.2 




At the end of the incubation period, the media were decanted, the slices 
homogenized, and the LP purified as in the previous experiment. In 
Flask 3, the 10 minute preincubation in NaCl-buffer medium caused the 
LP level to fall (see Fig. 1), and the addition of fluoride for the final 7^ 
minutes resulted in an increased concentration of LP, as shown by a simul- 
taneous non-radioactive experiment. During this final 7J minutes, radio- 
active phosphate was readily incorporated into the phosphorylase protein, 
as can be seen in the last line of Table IV. It was concluded that de- 
phospho-LP had been formed during the preincubation in NaCl, and on 
the addition of NaF the reformation of active enz 3 ^me by the reactivation 
(kinase) process proceeded relatively unopposed by the inhibited IE. As 
this net formation of active enzyme proceeded in the presence of fluoride, 
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radioactive phosphate was incorporated. Thus it appeared that the 
presence of dephospho-LP was required for the incorporation of radio- 
active phosphate into LP. 

Conversion of Dephosphophosphorylase to Phosphorylase in Liver Extraets 

The incorporation of P’- into LP in slices and the stability of the phos- 
phate-protein bond formed pointed strong!}' to the conclusion that a 
phosphate transfer system was involved in the convei-sion of dephospho-LP 
to LP. The resultant protein-phosphate liond was found to be firm and 
was not broken Ijy TCA or by short incubation with hot dilute HCl or hot 
dilute NaOH. In addition, incorpoiated P’- did not e.vchange upozi 
incubation with P^’ -orthophosphate (Table II). 

Studies on the reactivation process in broken cell pi-eparations led to the 
finding of a kinase capable of transferring phosphate to dephospho-LP. 
Incubation of dephospho-LP with diluted dog liver homogenates in the 
presence of ATP and magnesium ions resulted in the formation of LP. 
The enzyme catalyzing the phosphate transfer was found to be soluble and 
was purified about 4.5-fold by procedures summarized below. 1 unit of 
phosphokinase was defined as that amount of enzyme which catalyzed 
the fonnation of 1 unit of LP in the assay system in 10 minutes at 37°. 
The specific activity was expressed as units per mg. of protein. 

Step 1. Homogenization and Filtration — All steps were cazried out in the 
cold. Dog livers were perfused and homogenized and the homogenates 
were filtered according to the procedure used for the preparation of ffltrates 
containing LP and IE (.3). Phosphokinase remained in the precipitate 
(filter cake). The specific activity of the homogenate was about 1.5. 

Step 2. Washing and Eluting Cake — The filter cake was washed twice 
with a volume of cold 0.1 M KaF equal to § the volume of the homogenate. 
The phosphokinase remained on the cake during this procedure and was 
eluted by homogenizing the cake in 300 ml. of cold 0.02 m Tris buffer 
(pH 9.0) per 100 gra. of liver for 1 minute in a Waring bleudor. This 
suspension was filtered as before and the filter cake was washed with 100 
ml. of cold glass-distilled water per 100 gm. of liver. The specific activity 
in the eluate of the cake was about 4. 

Step 3. Freezing and Thawing — It was found that the heav’y haze in the 
eluate of the cake could be removed by freezing, thawing, and subsequent 
centrifugation. This procedure resulted not only in clarification of the 
solution, but also in a 2-fold purification of the enzvmie. 

Step 4- First Ammonium Sulfate — The clarified eluate was brought to 
33 per cent saturation with solid (NID^iSOi and neutralized with KOH. 
The precipitate was collected by centrifugation and dissolved in 0.04 m 
T ris buffer (pH 8.0). The specific activity was about 12. 
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Slcp 5. Second Amrnonhim Sidfatc — Tlic solution was clarified bycentrif- 
iigalion in the cold at 69,000 X (j for 30 minutes. The supernatant solu- 
tion was brought to 30 per cent saturation with a neutralized saturated 
solution of Versene-treated (Nn.t)2S04 (3). The precipitate was collected 
hy centrifugation and dissolved in a solut.ion containing 2 X 10-^ m MgSO^ 
and 5 X 10~" m Tris (pH 8.0). 

Step 6. Dialysis and Cas{POi)i Gel — The solution was dialyzed for 2 
hours vei'svs alkalinized glass-distilled water and then diluted with 0.01 
M Tris buffer (pH 7.2) to a lorolcin concentration of 10 mg. per ml. To 
the diluted, -dialyzed solution was added O.I volume of Ca3(P04)2 gel. 
Most of the phospholdnase activit3’’ adsorbed on tlie gel and subse- 
quently eluted with a solution containing 0.3 m Na2S04 and 0.05 m Tris 
buffer (pH 8.0) in a volume equal to one-half that of the diluted solution. 
The specific acti^dtj'- of the eluate was about 40. 

Step 7. Third Ammonium Sidfatc— T \\q eluate was brought to 30 per 
cent saturation with a neutralized, saturated solution of Versene-treated 
(NHi) 2S04. The precipitate was collected b3’’ centrifugation and dis- 
solved in a solution containing 2.5 X m MgSO^ and 0.05 m Tris buffer 
(pH 8.0). The specific activity of this fraction was about 70. Approxi- 
mateb’’ 10 per cent of the phosphokinase present in the liver homogenate 
was recovered by these procedures. 

Requirement for ATP and i¥(7++— -The requirement of phosphokinase for 
commercial ATP and Mg^ was demonstrated even in homogenates when 
diluted for assay. Manganous and calcium ions failed to replace the ]Mg+^ 
requirement of the cmde or partially purified enzyme. With highly purified 
enzyme, uridine triphosphate, inosine triphosphate, cytidine triphosphate, 
adenosine diphosphate, and adenosine-5-phosphate were tested for their 
ability to replace commercial samples of ATP in the phosphokinase assay 
S3^stem with negative results. The term “commercial ATP” is used, 
since the participation of ATP as the actual phosphate donor has not been 
absolutely proved; this point is currently under investigation. 

LP Formation — The product of the phosphokinase reaction (LP) was 
identifiable through its enz3'-matic acti^dty. However, additional proof 
that restoration of enz3matic activity was accompanied by phosphate 
transfer to dephospho-LP Avas sought. Two aliquots of dialyzed dephos- 
pho-LP were incubated for 80 minutes at 27° in a solution containing (at 
final concentrations) 5 X 10"^ m ATP, 2 X m NaF, 2.5 X lO"^ m 
M gS04, and 1.5 mg. per ml. of dephospho-LP. Highly purified phospho- 
kinase (third (NH4)2S04 fraction, dialyzed for IJ hours) was added to one 
aliquot at the beginning of the incubation period and to the other at the 
end of the incubation Avhich Avas terminated by the addition of 2 volumes 
of a solution of saturated (NH4)2S04. In the presence of phosphokinase 
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SO per cent reactivation of dcphospho-LP’ occurred. Both samples were 
precipitated tudee Avith (XI-B)^S 04 , dia^-zed for 2 hours, and precipitated 
AA'ith alcohol Avith G9 per cent recoA-ery of the reactivated LP. Both sam- 
ples AA'ere then incubated AA'ith IE for 45 minutes. Aliquots of each sam- 
ple Avere fixed AA’ith TCA at the beginning and at the end of the incuba- 
tion, and the TCA-supernatant solutions AA’ere analyzed for inorganic 
phosphate, as shoAA’ii in Table V. At the end of incubation all the LP 
had been returned to the dephospho form and approximatelj' 0.27 y of 
phosphonis appeared in the TCA-.supernatant fluid for eA'crj’’ mg. of LP 

Table V 

Phosphate Transfer to Dephospho-LP Catalyzed by PhosphoHnase 
Samples of dephospho-LP, .\TP, and Mg++ were incubated AA’ith and AAithout 
phosphokinase. Following ammonium sulfate and alcohol precipitation, the sam- 
ples AA-ere incubated AA-itli IE. .\t zero time and at 45 minutes, aliquots were placed 
in TCA; after centrifugation, the TC.A-supernatant solutions were analyzed for in- 
organic phosphate. Other aliquots AA-crc assayed for LP acth’ity. 


1 

f 

Historj' of sample j 

Time of incuba- 
tion trith IE 

Composition of sample 

P released by IE into 

I TCA-supcmatant 

1 fiuid 

1 

Dephospho- 

LP 

Active LP 

1 

min. 


mg. 

1 

' 7 

Incubated with phosphokinase 

0 


1.00 


<< « „ 

45 


0 

0.27 

“ without phospho- 





kinase 

0 

1.25 

i 0 


Incubated AAdthout phospho- 


i 

1 


kinase 

45 

1.25 

0 

0 


nactiA’ated. This Amlue agrees A\'ell Avith those obserA’-ed during the in- 
actXation of “natiA-e” LP (2). In the sample Avhich had not been in- 
cubated Avith phosphokinase, no increase in TCA-soluble phosphate AA'as 
detected after incubation with IE. 

DISCCSSIOX 

The concentration of actiA’^e phosphorjdase in liA’er tissue is the result of 
a balance between tAA’o opposing reactions: the inactiAmtion of the enzjTne 
by phosphorylase phosphatase (IE) and the reactiA’ation of the resulting 
dephosphophosphor3’lase bj’ the phosphokinase S3’stem. Sodium fluo- 
ride has been shoAA’n to decrease the rate of formation of dephosphophos- 
phor3dase by inhibiting IE, thereb3’ allowing the constantl3' operating 

^ This sample, as well as those described under “Methods,” could be reactiA-ated 
completely under appropriate conditions. 
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phosphokinaso sysfcm to bring about a net increase in LP concentration. 
Epineplirinc and glucagon nia.y stimulate some portion of the phospho- 
kinase system and thus cause a net increase in LP concentration. Al- 
though the evidence to dale is compatible with this pos.sibility, alternative 
explanations will bo considered and evaluated in the future. 

Phosphokinaso activit^’^ m(;asurcd in diluted homogenates was sufficient 
to implicate the 0115130110 in the rapid reactivation of phosphoiylase which 
occurs wlien epinephrine or glucagon is added to slices. It was calculated 
from the specific activity'' of ])hosphokinase (1.5) and of phosphoiylase 
( 0 . 13 ) in homogenates that dog liver contains enough of the phosphokinase 
to reactivate all the phosphoiylase present in 1 minute at 37 °. As 3'et, 
the effects of glucagon or epinephrine on the phosphokinase s3'^stem in 
broken cell preparations have been variable. The detailed mechanism of 
action of these agents is under investigation. Preliminar3r experiments 
have shown that inhibitoiy agents or processes arc operating on the phos- 
phokinase reaction in concentrated, cell-free homogenates; therefore nu- 
merous factors enter into the anal3’’sis of hormone action in concentrated 
tissue preparations.'* 

During the progress of this work, Fischer and ICi’cbs ( 7 ) reported the 
presence of an enz3mie in rabbit muscle extracts which cata^'zed the 
com''ersion of rabbit muscle phosphoiylase b to phosphoiylase a in the 
presence of ATP and manganous ions. The relation of this enz3mie to 
the magnesium-requiring liver phosphokinase is uncertain. The differ- 
ences between the conversion of liver phosphoiylase to dephospho-LP b3'’ 
IE and the conversion of rabbit muscle phosphoiylase a to phosphoiylase 
b b3^ phosphoiylase-rupturing 01123^0 have been noted previously (2). 
However, dog heart muscle contains enzymes capable of inactivating liver 
phosphoiylase and reactivating liver dephosphophosphorylase. These 
enzymes, as well as heart phosphorylase, ha^'■e been purified to ^mlying 
degrees in this laboratoiy. Highl3'' purified IE from heart appears to be 
similar to IE from liver, and partialb'' purified phosphokinase from heart 
(acting on liver dephosphophosphoiylase) requires ATP and Mg'*"*" as does 
the liver phosphokinase. The relationship of these enz3mie s3'’stems in 
liver and in heart is currentl3'- under investigation. 

SUMMARY 

1. Radioactive phosphate ivas rapidb’- incorporated into fiver slice 

Homogenates prepared from slices preincubated at 37° responded consistentb' 
to the additon of epineplirine or glucagon, as indicated a marked increase in 
the concentration of LP in these homogenates. Additions of magnesium ions and 
ATP were important in the demonstration of large responses of the homogenates 
to the hormones. Details of these e.vperiments nill be presented in a subsequent 

publication. 
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phosphorj’-lase. Epinephriue and glucagon greatly increased this incor- 
poration, 

2. The protein-phosphate bond appeared to be a covalent bond and did 
not exchange ndth phosphate as the enzyme acted catalytically. 

3. Phosphate transfer to dephosphopbosphoiylase Avas studied in broken 
cell preparations. An enzjnne Avas found capable of converting enzjmAat- 
icallj" inactiA-ated phosphorylase to acth^e phosphorylase in the presence of 
adenosine triphosphate and magnesium ions. 

4. The euzjnne, liA’er dephosphophosphorjdase kinase, has been purified 
about 45-fold. The enz^-matic reactiA’ation of purified dephosphophos- 
phorj'lase catalj'zed b}’’ this purified enzjTne has been described. The 
phosphor3'lase fomred by reactiA'ation AA'as shoAA'ii to contain phosphate 
Avhich could be remoA-ed on incubation AAith the inactivating enzjune. 

The authors Avish to thank hliss Arleen jMaxAA'cU and hlr. James DaA'is 
for technical assistance in these studies. 

BIBLIOGRAPHY 

1. Sutherland, E. W., and Wosilait, W. D., Nature, 176, 169 (1955). 

2. Wosilait, W. D.. and Sutherland, E. W., J. Biol. Chem., 218, 469 (1956). 

3. Sutherland, E. W., and Wosilait, W. D., J. Biol. Chem., 218, 454 (1956). 

4. Sutherland, E. AV., and Cori, C. F., J. Biol. Chem., 188, 531 (1951). 

5. Sutherland, E. W., in McElroy, W. D., and Glass, B., Phosphorus metabolism, 

Baltimore, 1, 53 (1951). 

6. Sutherland, E. Vi\, Ann. New York Acad. Sc., 64, 693 (1951). 

7. Fischer, E. H., and Krebs, E. G., Federation Proc., 14, 210 (1955). 

8. Sutherland, E. W., Wosilait, W. D., and Rail, T., Federation Proc., 14, 289 (1955). 
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In 1947 Kalckar introduced a comprehensive differential spectrophoto- 
metric system for the analj'sis of purines, including uric acid (1). Prae- 
torius and his associate Poulsen emploj'ed this procedure and have pub- 
lished detailed directions for a practical uric acid method (2, 3). 

During the past 4 years, over 2000 routine uric acid determinations on 
blood and urine have been performed in this laboratory by a modification 
of the Kalckar approach. This modification, while similar to that of Prae- 
torius, protides some features that the present authors feel are more con- 
venient and require less working time. In particular, by use of a more 
dilute uricase preparation, uric acid destruction proceeds SI0WI3' enough to 
enable the technician to make a single, reliable reading of initial absorb- 
ance*, he need not record a series of rapidlj" decreasing absorbances, t\ith 
final extrapolation back to the initial absorbance. 

For nearlj*- all samples of urine and serum, determination can be com- 
pleted within 2 to 4 hours. If desired, however, incubation maj' be allowed 
to continue overnight. Experimental e^•idence is presented that reliable 
results are obtained, even when an overnight incubation period is 
emploj^ed. 

A particular advantage of the Kalckar procedure is that it requires no 
dangerous reagents such as cj^anide, which unfortunatelj^ is commonl}' used 
todaj’^ in colorimetric methods. 


Principle 

Uric acid stronglj" absorbs ultraviolet light of wave-length 292 m/i (Fig. 
1) and is specificallj’^ and completelj’^ converted to non-absorbing products 
bj’^ action of the enzjmie uricase. Therefore, the decrease in absorbance 
which occurs at 292 m/i upon incubation of uricase is a direct measure of 
the uric acid content of a solution. 

Materials and Method 

Special Equipment — Beckman model DU spectrophotometer (Xo. 
37623), ultra\'iolet attachment (Xo. 37002), two matched silica cells (1.0 
cm. light path), one Corex cell (optional). Substitute glass cells, if neces- 
sary*, and use wider slit widths on the spectrophotometer. 

•197 
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Culture tubes, IG X 100 rum., with racks (for incubation). 

Cups, about 1 cm. in diameter Avith suspension hooks (to receive 50 to 
200 /xl. samples). A simple cup (Fig. 3) can be made by heating and flat- 
tening the base of a 1 cm. (outside diameter) test-tube, cutting to about 
7 mm. in length, winding a length of corrosion-resistant Avire (about 25 
gage) around its circumference, and tAA'isting and bending the ends of the 
AAure into a hook. AAmid materials that AA'ould contaminate the solution. 

Micro pipettes, Kirk t 3 "pe (4), 50, 100, and 200 jxl. for pipetting samples. 

Pipette, Ki-ogh-Ke 3 'S S 3 n’ingc type (5), 10 ml., adjusted to deliver 9.9 ml. 
of uricase reagent. 



WAVELENGTH mp 

Fig. 1. Ultraviolet absorption spectra. Curve A, glycine buffer, 0.1 u, pH 9.4; 
Curve B, buffer plus Worthington uricase, 6 mg. per liter; Curve C, buffer plus uric 
acid, 8 7 per ml. The slit width was progressively increased from 0.13 mm. (325 m/i) 
to 0.36 mm. (235 m/i). 

Beckman model G pH meter. 

Water bath regulated near 45° (not critical). 

Small cylinder of oxygen. 

A deep freeze or equivalent is desirable for storage of frozen samples 
avmiting analysis. 

Reagents — 

5 N NaOH. 

Glycine buffer {0.1 ju). DissoKe 7.5 gm. of gl 3 '-cine in about 800 ml, of 
distilled water; adjust to pH 9.4 ± 0.1 Avith 5 n NaOH (approximately 8 
ml.) ; dilute to 1 liter. 

Routine uric acid standard (400 y per ml.). Dissolve 40.0 mg. of uric acid 
(preferably recrystallized and dried) in 100 ml. of gamine buffer. If ali- 
quots are frozen in small Auals, they remain stable indefinitely. 
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Uricasc reagent. Dissolve 40 mg. of drj’- uricase* (Worthington Bio- 
chemical Corporation, Freehold, New Jersej') in 1 liter of glycine buffer. 
Store in the refrigerator. 

The activity of tliis reagent maj' vary over a 10-fold range and still give 
satisfactory results. Nevertheless, it is desirable to check the approximate 
activitj' of each new lot of uricase b 3 ’ a preliminary' standard nm. Pipette 
100 g\. of routine uric acid standard (400 y per ml.) into 9.9 ml. of the re- 
agent, mix, and allow to incubate at room temperature. Measure the 
absorbance decrease at 292 mfi for the first 10, 20, or 30 minutes. If the 
rate of decrease is not within the range of 0.0003 to 0.003 absorbance unit 
per minute, adjust it accordingly bj' either proportional dilution with more 
gh'cme buffer or proportional addition of more uricase.- 

If necessarj’- to complete the determination within 2 to 4 hours, adjust- 
ment should be made near the maximal rate (0.003). This rate has been 
chosen as the fastest consistent with obtaining a single, reliable reading of 
initial absorbance (allowable error of 0.001 absorbance unit). 

Absorbance Measurements — For routine uric acid determmations, set the 
Beckman spectrophotometer as follows: wave-length 292 m/i, selector 
switch 0.1, slit width 0.17 mm., and sensiti\’ity knob approximately three 
turns from the clockwise position. 

In so far as possible, initial absorbance should be held in the range of 
minimal instrumental error, approximatelj' 0.200 to 0.800. If the initial 
absorbance is too high, as maj' occur with serum, a denser (Corex or glass) 
reference cell can be used to improve precision, although this is unnecessary 
for purposes of clinical diagnosis. Since absorbances are strictlj’- additive, 
a sample that reads 0.900 against a silica reference will read 0.500 (0.900 
minus 0.400) against a Corex reference which itself reads 0.400 against the 
silica reference. Praetorius and Poulsen (3) discuss this matter. 

Standardization — Dilute 5 ml. of routine uric acid standard to 200 ml. 
with glj'cine buffer. Pipette aliquots of 0, 0.5, 1, 2, 4, 6, 8, and 10 ml., and 
dilute each to 10 ml. with glj'cme buffer. Determine the absorbance, and 
plot a standard curve of absorbance versus concentration (Fig. 2). This 
standard cuiwe is both (1) a straight line (follows Beer’s law) over the en- 

‘ Worthington now offers a more concentrated uricase in aqueous suspension. 
The preparation has not yet been used in this laboratory. 

= This laboratory has had very good results with the economical Worthington 
product. Uricase Ido (Ferrosan Export Corporation, Copenhagen, Denmark) is an 
even purer product, excellent but somewhat more expensive per unit of acthdtv. 
(Dilute 0.4 ml. of the commercial suspension with 1 liter of glycine buffer and pro- 
ceed.) Delta uricase (Delta Chemical Works, Xew York) is very crude and requires 
incubation overnight, but has given adequate results in much past work here. (Sus- 
pend 0.5 gm. in 1 liter of glycine buffer, let stand .3 hours, remove the coarse particles 
by filtration, and proceed.) 
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tire applicable range and (2) is reproducible over an extended period of 
time. 

Uric Acid Determination^ {Fig. 3) in Urine— Pipeiie 9.9 ml. of uricase 
reagent into each of ten to twent3’' culture tubes. Plook a cup over the 
side of each tube. Pipette 100 /xl. of distilled water into the first cup (for 
a reagent blank), 100 /il. of the routine uric acid standard into the second 
cup, and 100 /il. of sample into each of the other cups. If the samples are 
pipetted directly into the reagent tubes, premature uricase action may 
cause low values. After the entire series has been set up, slip each cup 
into its culture tube, stopper the tube, shake thoroughly, promptly transfer 



Fig. 2. Standard curve. Uric acid in glycine buffer, 0.1 m, pH 9.4; wave-length 
292 mju. Glycine buffer blank = 0.018. 

a portion to the silica cell, and read the initial absorbance (Ao). Mark 
the meniscus of the remaining solution with a wax pencil. (Dixon Phano 
No. 80 for glazed surfaces will not come off in the warm water bath.) Place 
the open tubes in the open 45° water bath. Oxygenate the contents of 
each tube for 10 to 20 seconds by passing a slow flow of oxygen from a 
cylinder through a constricted glass tube (Wintrobe pipette), inserted ver- 
tically with its tip close enough to agitate the solution without spattering. 
Allow the samples to incubate 4 to 16 hours. Replenish evaporated water 

5 Since uric acid destruction can occur rapidly in biological samples, store the 
samples no longer than 3 hours at room temperature or 3 days in the refrigerator. 
Frozen samples (deep freeze) are stable indefinitely. To avoid possible uric acid 
precipitation in urine, add 10 ml. of 5 per cent NaOH to the bottle in which a 24 hour 
urine specimen is to be collected. 
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by restoring the initial meniscus of each tube with distilled water (several 
drops), mix thoroughl}', and read the final absorbance (ri/). 

Fric Acid Drlrrmination in , Scrum — ^Follow the same procedure as for 
urine except that incubation should be carried out from 2 to 16- hours at 
room temperature. Turbidity frequently develops in scnim samples in- 
cubated overnight at 45°. 

Calatlaiions — Subtract the final absorbance from the initial absorbance. 
Correct this absorbance change, if necessarj', by adding any absorbance 
increase shomi b}' the uricase reagent blank. Di\ade the corrected absorb- 




.c=;\ 




A 


.r 

B 


Fig. 3. Two stages of the procedure. A, the suspended cup, containing 100 ;j 1. of 
sample, is ready to be slipped into 9.9 ml. of uricase reagent, immediately prior to 
mbdng and transfer of an aliquot of the mi.xed solution to the optical cell for initial 
absorbance measurement. B, the remaining solution is being oxj-genated prior to 
incubation. 


ance change bj' the factor h to give the uric acid concentration (micrograms 
per ml.) in the diluted sample. The factor k is the slope of the standard 
curve (absorbance change -J- concentration change) and will have a value 
near 0.075. Tj^pical calculations are illustrated in Table I. 

Important Precautions — (1) Owing to the wide variation in propexTies 
among different uricase preparations, use each new preparation with dis- 
cretion. Discard any uricase reagent (prepared as specified under' “Uri- 
case reagent”) if the absorbance of its reagent blank (1) is initiall}’- greater 
than 0.200 or (2) increases by more than 0.010 upon 45° incubation over- 
night. (2) Avoid water contaminated with ultrariolet-absorbing material. 
Once in this laboratorj', a high and variable absorbance was traced to 
accidental contamination of the distilled water by an old rubber dispens- 
ing tube. (3) Use strictly^ clean glassware well rinsed with distilled water. 
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One series of erratic determinations was traced to a batch of culture tubes 
which, although visibly clean, was found to give Avater blanks differing b}" 
as much as 0.025 absorbance unit, owing presumably to residual detergent. 
(4) Avoid the presence of solvent or other Arapoi-s during uricase incuba- 
tion. Wliile some (including chloroform) apparently Avill not interfere, 
others (including ether) may inhibit the enz3’-me action significantly. 

Results 

The reliability of the new procedure has been demonstrated by the fol- 
lowing experiments. 

Each of elcA'^en samples ivas anal3''zed in duplicate (Worthington uricase), 
once under the fast i-ate conditions of Practorins and Poulsen (2 hours) and 


Table I 

Typical Calculations 


1 

Sample i 

j Absorbance 

Uric acid 
concentration 

i 

Aot initial j 

A/, final j 

1 1 

^0 A/y 
change i 

1 Ao- A f,' 

corrected 
for blank 

Diluted 

sampicf 

Original 

sample 

Serum 

0.566 

0.447 

m 


0.033 

0.163 

7 per ml. 

0.44 

2.17 

y per ml. 

44J 

217 

Urine 



* The uricase reagent blank increased 0.003 upon incubation (from 0.141 to 0.144). 
t 0,1 ml, of sample was added to 9.9 ml. of uricase reagent (dilution 1 to lOO). 
t Uric acid concentration in original sample = 0.033/1: X 100 = 44 7 per ml. 
(k = 0.075). 


once under the slotv rate conditions of the present method (16 hours). 
Good agreement Avas found: For fiA^e ui'ine samples Avith a mean absorb- 
ance decrease of 0.212, d (standard deAuation) AA’as 0.006. For six seiinn 
samples AAoth a mean absorbance decrease of 0.042, 5 A\ns 0.005 (0.002 Avith 
omission of one erratic A^alue). 

Sixteen additional samples AA’ere analyzed under fast rate conditions 
(Worthington uricase). The absorbance decreases attained AAuthin 2 hours 
AA^ere little changed by prolonging incubation to 16 hours (AA'ith one excep- 
tion). For nine urine samples AAuth a mean absorbance decrease of 0.265, 
the mean absorbance error (due to prolonged incubation) AA’as 0.0015, 5 
0.0019 (one sample AAuth an error of 0.021 excluded). For scA’cn serum 
samples AA'ith a mean absorbance decrease of 0.055, (ho mean absorbance 

error AA'as 0,0020, 6 0.0016. ^ 

Several experiments shoAved that incubation of semm at 45° often causejJ 
turbidit3S especially Avhen Delta uricase Avas used. Incubation at 2o° 
aAmided this difficult 3 ’'- 
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Precision absorbance data, all obtained nith the crude Delta unease, 
give 5 O.OOOS for eighteen determinations on four urine samples; 5 0.0011 
for seventeen dctermination.s on three senim samples. This precision, 
cssentiall}' that of photometric measurement alone (balancing and reading 
the spectrophotometer), represents the potentialities of the method as 
performed under favorable conditions. Day to day precision, introducing 
other errors, nill alwa5's be somewhat less. 

Recoveries (nine experiments) of 1 to 2 7 per ml. of uric acid added to 
diluted urine and serum samples (initial concentrations of 0.5 to 5.5 7 per 
ml.) varied from 95 to 104 per cent; mean 100.4 per cent, 0 2.6 per cent. 

Normal values, obtained by the present method for ten normal subjects 
on a low purine diet, are as follows: urine 5S3 ± SI (standard denation) 
mg. per 24 hours; serum 3.64 ± 0.6S mg. per 100 ml. 

DISCUSSION 

Colorimeiric Methods — Uric acid methods now in common use are based 
on colorimetric measurement of the blue color formed when uric acid re- 
duces phosphotungstate (Folin and Wu (6)) or arsenotungstate (Benedict 
(7)), usually with color enhancement by urea-stabilized cj'anide. Many 
workers in the past, including Folin and Benedict, have demonstrated 
that these methods are non-specific and unreliable (8). hlan}’ natural 
substances other than uric acid give the blue color, and the attempted re- 
moval of these substances by precipitation techniques is subject to serious 
manipulative loss. Although uricase incubation can solve this problem 
satisfactorily, it remains entirely inefi'ective against a second tjpe of inter- 
ference from substances which, although non-chromogenic themselves, 
interact with uric acid and the reagents to enhance or depress the initial 
color development. Even the basic color development reactions with pure 
uric acid are beset with difficulties, as has been well documented bj" Folin 
himself (9). Sensitive to many e.xperimental conditions, these reactions 
give a variable and non-linear relationship between absorbance and uric 
acid concentration. 

These objections are avoided by the fundamentally new approach of 
Kalckar, as applied also in the method of Praetorius and Poulsen and the 
present method. The particular advantage of the present procedure is 
the need for only one initial absorbance reading. Also uricase and gly- 
cine buffer are combined in one reagent to which the sample is added, and 
simple uric acid standard solutions in buffer are substituted for more com- 
plex lithium urate standards. 

The Praetorius method is faster in the sense that one can complete a 
determination within ^ to 2 hours, whereas the present method requires 
2 to 4 hours. However, the present method is faster in the sense that an 
average of fifteen determinations can be performed per analyst hour of 
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working time, compared to five determi nations per analyst hour by the 
Praetorius method (2). Since uric acid is not an “emergency” determina- 
tion, the more leisurely working pace, 3 ’-et reduced working time, of the 
present method may be preferred in manj'- laboratories, especially when 
many determinations are performed together. 

The present method, in esscntiall 3 ’- its present form, has supplied the 
extensive data for two clinical uric acid studies in this laboratory^ (10). 

SUMMARY 

Ih’ic acid in urine and scrum is determined by a modification of 
the Kalckar procedure, b 3 '- utilizing the specific decrease of uric acid ab- 
sorbance at 292 ran in the presence of uricasc. 

The new method, by providing fifteen determinations per anal 3 ’'st hour, 
requires one-third the working time of the method of Praetorius and Poul- 
sen. This advantage results from use of a uricase preparation dilute 
enough to permit a single, reliable reading of initial absorbance, instead 
of requiring extrapolation back from several rapidly decreasing readings. 
Although a determination can be completed in 2 to 4 hours, good preci- 
sion and accuracy are found even when samples are allowed to incubate 
overnight (16 hours). 

The authors wish to acknowledge the support of Dr. Samuel H. Bassett, 
Chief, Research Service, who first called their attention to the merits of 
the Kalckar method and suggested that it be introduced into this labora- 
tory. 
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V. GUAXOSINE DIPIIOSPflATE IX COUPI.ED PIIOSPIIORYLATIOX* 

By D. R. SAXADI,t DAVID M. G1BSOX4 PADMASIXI AYEXGAR,§ 
and MIRIAM JACOBt 

(From the Institute for Enzijmc Itcscarch, Vnivcrsitlt of 11 isconsin, 

Madison, ll'isconsin) 

(Received for publication, April 1 1 , 1955) 

The phosphorj'lation of ADP by inorganic phosphate coupled to the 
oxidation of KG has been described previously (1, 2).' The reactions 
leading to the phosphorjdation are showTi in Equations 1 to 3. We have 

KG 4- DPX" + CoASH succinyl S-CoA + DPXH -}- H-" + CO: (1) 

Succinyl S-CoA -f ADP -f Pi jri succinate + CoASH 4- ATP (2) 

Sum. 1 vG 4-DPX*-4- ADP4-Pi— succinate4-DPXH4- ATPA-H'-A'CO: (3) 

reported in a series of preliminarj* communications that in animal tissues 
Equation 2 can be further separated into t-wo steps (Equations 4 and 5) 
and requires the presence of GDP as cofactor (3-5). The present paper 

Succinj'l S-CoA 4- GDP 4 - Pi succinate 4- CoASH 4- GTP (4) 
GTP 4 - ADP GDP 4 - ATP (5) 

describes the purification of the two enzjunes participating in the phos- 
phorjdation of ADP and deals with the analysis of the two reactions. 

The enzjTne catalyzing Equation 4 will be referred to as the GDP phos- 
phorjdation enzjTne (or phosphorjdation enzjune). The enz}Tne catal 5 'z- 

* Supported b}' a research grant, No. A596, from the X-ational Institute of Ar- 
thritis and Metabolic Diseases, X^ational Institutes of Health, Public Health Ser\4ce, 
and a grant from the American Heart Association. A report of these investigations 
was presented at the meetings of the American Society of Biological Chemists, 
Atlantic City, 1954. 

t Part of this work was carried out during the tenure of an Established Investiga- 
torship of the American Heart Association. Present address. Department of Phy.si- 
ological Chemistrj-, University of California Medical School, Berkeley, California. 

Postdoctoral Trainee of the National Heart Institute. 

§ Present address. City of Hope Hospital, Duarte, California. 

'The following abbreviations are used: a-ketoglutarate, KG; diphosphopjT- 
idine nucleotide, DPN; coenzj-me A, CoA or CoASH; adenosine-5'-mono-, di-, 
and triphosphates, A-5'-P, ADP, and ATP, respectiveb'; guanosine (G), inosine 
(I), uridine (U), and cytidine (C) phosphates similar to adenine nucleotides above; 
inorganic phosphate, P,; trisChydro-vj-methyUaminomethane, Tris; A for absorbanej- 
or log lo/I. 
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ijig the ti'nnsphosphorylaiion is a nucleoside diphosphokinase (NDP Idnase) 

(6-8). 


Results 

Initial Observations 

Some of our early experiments which indicated that two different en- 
Z3mies are required for the succin 3 d CoA-linked pliosphor 3 dation of ADP 
(Equation 2) are reported in Table I.- When the preparations were tested 
individuall 3 '' in the coupled phosphorylation S 3 '’st 6 m (Equation 3), negli- 
gible activity was found. However, when the two preparations were 


Table i 

Requirement of Two Enzymes for ADP P hosphorylaiion Reaction 


Enzyme source 

i 

DPNH assay 

CoASH assay 

Protein 

A A per min. 

Protein 

-a-sh 




I mg. 

innok 

Kidney 

0.17 

1 0.006 

0.04 

mSm 

Heart 

0.85 


0.55 


Mixture 

0.17 •+• 0.85 

0.142 

0.04 + 0.55 

m 


The DPNH assay is carried out spectrophotometrically as described previouslj' 
(1). For the CoASH assay, reduced CoA (0.32 //mole), KBH 4 (1 //mole), succinate 
(10 //moles), ATP (1 //mole), and Tris (3 //moles) in 0.25 ml. at pH 7.5 were incubated 
for 10 minutes at 30°. The pig kidne 3 '' enzyme was e.vtracted from acetone powder 
and fractionated essentiallj^ as described in the te.\t. The pig heart enzj^me was 
extracted by homogenizing minced heart in phosphate buffer, and the supernatant 
solution obtained after precipitation at pH 5.4 (10) was allowed to stand overnight 
at the acid pH. The fraction between the limits of 0.4S and 0.57 saturation of am- 
monium sulfate was used after dialj'^sis. 

combined, the expected high activity was observed. Both of these prepa- 
rations were again necessary for the reaction when studied in the reverse 
direction b 3 ’- measuring CoASH disappearance in the presence of ATP and 
succinate (Equations 5 and 4 from right to left).® The results are pre- 
sented in Table I. 

- The data for Table I were obtained in collaboration vutli Dr. L. Ouellet. The 
authors are grateful to Dr. D. Goldman for suppljdng these enz 3 'me preparations 
obtained during the course of his studies on the acetoacetate cleavage reaction (9). 
Both the phosphor 3 dation enz 3 'me and the kinase were present in the heart prepara- 
tion used in previous studies (1, 2). This, as well as the need for GDP in the s 3 's- 
tem, is seen in Fig. 1, Curve 3. 

’ The CoASH disappearance assa 3 ' is an e.xtremelr^ sensitive test for contamina- 
tion of adenine nucleotides with the cofactor (GDP or GTP). We found 0.1 per 
cent GDP (or GTP) impurity in n commercial sair 
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Purificalion of Enzyincs 

Pig kidney cortex is a convenient source for the GDP phospliorylation 
enzjnne, since the NDP kinase activity is low in this tissue. Tlie enzyme 
is also present in liver and heart muscle. The NDP kinase can he purified 
readily either from heart muscle or from kidney cortex, since it is consider- 
ably more stable to acid and to heat than the phosphorylation enzyme. 

GDP Phosphorylah'on Enzyme — The enzj-me is assayed in terms of the 
rate of DPN reduction by coupling with the KG dehydrogenase system. 
The conditions for the assay are as described previouslj' (1), except that 
0.05 pmole of GDP was added instead of ADP (sec Fig. 2). The rate of 

Table II 


Cofaclor Rcquirciiienl for Synthesis of Succinyl CoA 


.ATP 

CoASH 

Cofactor 

-A -SH 

fimoU 

ftmoU 

nmole 

nmole 


' 0.32 



0.50 

0.32 

0.0015 

0.11 

0.50 ! 

0.32 

0.006 


0.50 

0.47* 



0.50t 

0.32 


0.14 


The reaction mixture consisting of KBHj (1 pmole), MgCl: (2 /imoles), Tris 
(6 ^jmoles), succinate (20 mmoles), GDP phosphorylation enzjme (0.1 mg.), NDP 
kinase (0.025 mg.), and the above components, as speciSed, in 0.5 ml. at pH 7.5 
was incubated for 5 minutes. The sulfhydryl group of CoASH was determined b}' 
the nitroprusside reaction. 

* CoA before reprecipitation, 
t Commercial ATP before further purification. 

DPN reduction was followed in the recording Beckman spectrophotometer 
at 340 mp for 1 minute. The enzjine was usuallj* assayed at two or three 
levels. 1 unit of activity is the amount of enzyme that produces a change 
in absorbancy (log Zo/I) of 1.0 per minute at 30° under standard conditions. 
Specific activity is expressed as units per mg. of protein. 

Pig kidney cortex was diced into j inch cubes and comminuted in lots 
of 400 gm. with 1.6 liters of cold 0.9 per cent KCl in a high speed blender 
for 40 seconds. During the blending 1 to 3 ml. of 6 x KOH was added to 

It is of interest to note that the level of the contaminant was below the limits of 
detection of the method before crystallization. Apparentt 3 ' the impuritj' had been 
concentrated in the crystals either because of cocrj-stallization or the lower solubility 
of guanosine derivatives compared to adenine derivatives. It may be pointed out 
that the crj'stalline nucleotides maj" also be contaminated with unspecified amounts 
of amorphous material, indicating the need for caution in interpreting data obtained 
even with crj-stalline nucleotides. 
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maintain the pH around 7.5, The homogenate was centrifuged at 1900 X 
g for 10 minutes and the supernaiant fluid discarded. The residue was 
washed b}'’ suspending in 4.5 liters of cold 0,9 per cent KCl and collected 
in a refrigerated Sharpies centrifuge. Acetone powder was prepared bj' 
conventional methods from tiic residue after suspension in 500 ml, of KCl 
solution. The jdeld was approximately 250 gm. from 4 kilos of kidney 
cortex. 

The acetone powder (100 gm.) was extracted by continuous stirring with 
] liter of cold 0.02 m KHCO3 for 20 minutes. The temperature rose to 
15° during the extraction. All subsequent operations were at 5° or lower, 
as indicated. A clear supernatant solution was obtained by centrifuging 
for 1 hour at 2500 X (j (yield 3500 units; specific activity 0.35). Ammo- 
nium sulfate (30 gm. per 100 ml.) was added slow^q and the mixture was 
stirred for 15 minutes. More ammonium sulfate was dissolved in the 
supernatant fluid obtained after centrifuging for 1 hour (20 gm. per 100 
ml.). The precipitate was collected as before, dissolved in about 20 ml. 
of 0.02 M phosphate buffer at pH 7.0, and dialyzed against the same buffer 
for 12 hours (yield 3100 units; specific activity 1.5). The solution was 
diluted to a protein concentration of approximately 20 mg. per ml., and 
the pH was brought to 5.9 with acetic acid. The solution was then frac- 
tionated with ethanol immediatel 3 ^ The precipitate formed on addition 
of 33 ml. of 50 per cent alcohol (volume per volume) per 100 ml. of enzyme 
solution (0° to —3°) was removed by centrifugation for 1 hour at 2500 X (J- 
For eveiy 100 ml. of supernatant solution 109 ml. of 50 per cent ethanol 
(by volume) were added slowly. The solution was allowed to cool to — 14° 
during this addition and centrifuged at the same temperature for 1 hour. 
It was more important to control the temperatui’e carefully at this stage, 
since the enzyme redissolved appreciably at higher temperatures. The 
precipitate was taken up in 0.02 m phosphate, pH 7.0, and dialyzed for 12 
hours (yield 2400 units; specific activity 3.0). The preparation was stable 
for several months when kept frozen. The purification over the acetone 
powder extract varied from 10- to 20-fold, depending on the specific activity 
of the initial extract. The final yield and activity were consistent!}" re- 
producible. At this stage of purification the enzyme preparation was 
essentially free of the NDP kinase, but contained an active phosphatase 
specific for GDP, IDP, and UDP (11). 

NDP Kinase — ^The assay involves coupling the kinase with the KG dehy- 
drogenase and GDP phosphorylation enzyme systems (see the fcetion 
above) and measuring the continued rate of DPN reduction after the final 
addition of ADP. In addition to the components described before, the 
reaction mixture contained the GDP phosphorylation enzyme (0.3 to 
0.4 unit) and GDP (0.02 pinole). The final addition of ADP (2 pmolesj 
was made when the S 3 "stem had reached the state of slow and steady DPN 
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reduction (sec Fig. 2). The assay was generally carried out at three levels 
of enzyme, and the activity was calculated from the slope of the plot of 
enzyme concentration against rate of DPN reduction (1), 

Acetone powder was prepared by conventional methods from beef heart 
mitochondria (12). The yield of acetone powder was 60 to 80 gm. per kilo 
of wet minced heart muscle. In a typical fractionation, the acetone 
powder (44 gm.) was ex'tracted with 10 volumes of 0.02 m phosphate buffer 
at pH 7.0 for 20 minutes and centrifuged for 1 hour at 2500 X g. This 
and all other operations were carried out between 0° and 5°. The actirdt}' 
in the clear extract was 170 units, specific activity 0.15. Ammonium 
sulfate (76.5 gm.) was dissolved in the extract (353 ml.), and, after 15 
nrinutes, the precipitate was removed b 3 ’' centrifugation. More ammo- 
nium sulfate (62 gm.) was dissolved in the supernatant solution (340 ml.) 
and the precipitated protein recovered. It was dissolved in 0.02 m phos- 
phate, pH 7.5, and dialj'^zcd against the same buffer for 18 hours ( 3 deld 
140 units; specific activit 3 ' 0.26). The enz 3 'me solution was diluted with 
0.02 sr phosphate, pH 7.5, to a protein concentration of 20 mg. per ml., and 
1 M IMgCls was added to a final concentration of 0.01 M. The solution was 
immersed in a water bath at 80° and stirred vigorousl 3 ". The temperature 
rose to 53° in less than a minute. The solution was maintained at that 
temperature for 2 minutes and then cooled quickl 3 ’- in an ice bath. The 
heating conditions are critical, since a lower temperature does not result 
in complete inactivation of the GDP phosphorylation enz 3 '’me, and higher 
temperatures produce appreciable loss in NDP kinase activit 3 \ The 
denatured protein was removed by centrifugation. The supernatant solu- 
tion (24 ml.) contained 125 units of enz 3 Tne of specific activity 0.69. The 
protein precipitated by the addition of 6.7 gm. of ammonium sulfate was 
removed. Further addition of 0.8 gm. of ammonium sulfate to 22.5 ml. 
of supernatant solution precipitated the enz 3 Tne. It was dissolved in and 
dialyzed against 0.02 m phosphate, pH 7.5, for 12 hours. The final yield 
was 105 units of enz 3 ’-me, specific activity 2.5. The purification was 17- 
fold over the initial acetone powder extract, with a 3 ’ield of 62 per cent. 
Approximately the same amount of enz 3 'me was extracted if an acetone 
powder was made from whole heart. However, the specific activity of 
the enzyme in the first extraction was generally less than one-third of that 
obtained in an extract of mitochondrial acetone powder. The preparation 
at this stage was complete^ free of succin 3 d CoA deac 3 '-lase and of the 
GDP phosphorylation enzyme. It was stable for several months at — 10°. 

Cofacior 

The evidence presented in preliminar 3 ’^ communications (3-5) suggested 
to us that commercial samples of ADP contained an impurity which was 
actually a cofactor for the phosphorylation of ADP. In order to test this 
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possibilit,y a sample of ADP was purified by chromatography oji paper by 
use of the isobutyric acid-ammonium isobutyrate s^^stem (13). Five spots 
were obtained {Ry 0.40, 0.38, 0.29, 0.21, and 0,17, respectively), of which 
the three fastest mo^dngwerc the mono-, di-, and triphosphates of adenosine. 
The ADP (Rf 0.38) reco\"erod from tlie paper was completely inactive in 
the S 3 '’stem wdth either or both en553mies, but the acti\dt 3 '' was restored by 
the addition of the eluate from the .spot below ATP (Ry 0.21 ) (Fig, 1, Curve 



SECONDS 

Fig. 1. Requirement for an additional cofactor in the phosphor 3 dation of ADP 
coupled to a-ketoglutarate o.xidation. The reaction mi.vture consisted of KG (5 
/imoles), DPN (1 ^mole), CoA (0.02 or 0.10 mg.), cysteine (10 ;umoIes), MgCb (10 
/<moles), and phosphate (50 /<moles) in 3.0 ml. at pH 7 . 2 . D refers to KG dehydro- 
genase, A to ADP (repurified), P to 0.1 mg. of GDP phosphorylation enzyme from 
kidney, K to 0.1 mg. of kinase from heart muscle, H to 2 mg. of a preparation from 
heart muscle (2) containing both P and K above, and G to the cofactor preparation. 
For Curve 1, G was a 10 7 sample isolated from commercial ADP; for Curve 2, a 
sample (1 mg.) obtained from yeast e.xtract by adsorption on charcoal; for Curve 3, 
0.03 /jmole of purified GDP. For Curve 2, ADP (2 /tmoles), P, and K were added 
initially to the reaction mixture. The absorbancy was followed in the Beckman 
DUR spectrophotometer. 

1). The requirement for the same cofactor for the synthesis of succin)'! 
CoA from succinate was examined with rigorously purified preparations of 
ATP and CoA. Again, it was found that the reaction did not proceed 
unless supplemented with the cofactor (Table II). The data also indicate 
that commercial samples of ATP and some samples of CoA prepared 1)3' 
the method of Beinert ei al. (14) are contaminated with the cofactor (giian- 
osine nucleotides). 

The absorption spectrum of the cofactor obtained from the paper ehi'o- 
matogram was similar to that of guanosine. The addition of the cofactor 
and the enzyme preparation from pork kidney to the KG dehydrogcna.se 
S 3 ^stem produced an increase in DPNH equivalent to the guanosme con- 
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tei\t (calculated from the absorption at 2G0 m^). A rapid, stoichiometric 
assay for the cofactor was suggested by this observation. 

A concentrate of nucleotides from yeast extract prepared b}' adsorption 
on charcoal (14) contained significant cofactor activitj' (Fig. 1, Curr’c 2). 
The isolation of the cofactor ■with the aid of the assay mentioned above 
and its identification with GDP are de.«cribed in the following communica- 
tion (15). 

Reaction Sequence 

The different steps involved in the phosphor 3 ']ation of ADP coupled to 
KG oxidation are demonstrated spectrophotometricallj* in Fig. 2, Curve 



Fig. 2. Eeaction sequence in the phosphorylation of ADP coupled to KG onda- 
tion. The reaction components were KG (5 Mmoles), DPN (2 Mmoles), MgCl; (10 
Mmoles), phosphate buffer at pH 7.5 (100 Mmoles), CoA (0.05 to 0.12 mg.), and cysteine 
(10 Mmoles) in 3.0 ml. The additions at the appropriate times are indicated by 
labeled arrows. D refers to KG dehydrogenase (0.5 mg.), G to GDP (0.06 Mmole), 
2 to IDP (0.035 Mmole), P to GDP phosphorylation enzyme (0.1 mg.), K to NDP 
kinase (0.05 mg.), and A to ADP (0.07 and 0.5 Mmole in Cmwes 1 and 2, respectively). 

1. The DPN reduction that follows the addition of KG deh 5 ’-drogenase is 
explained by Equation 1 (1,2). When the GDP phosphorylation enzyme 
and GDP are added to the system, a second increase in DPNH, equivalent 
to the added GDP, is obseiA'ed. Apparently CoA is released in this step 
from succinyl CoA (Equation 4), which then participates in KG oxidation 
to 3 deld DPNH. Since there is no reaction at this stage if GDP is left out, 
it may be concluded that succinyl phosphate is not an intermediate. A 
third increase in DPNH is produced when NDP kinase and ADP are 
added to the system, the DPNH produced at this step being equivalent 
to the ADP (Equation 5). Prom prerdous experiments it is known that 
ADP is converted stoichiometrically to ATP and an equivalent amount of 
CoA is released for renewed participation in Equation 1 . The phosphorjd- 
ation enzyme and the kinase carmot be interchanged in this sequence of 
reations, nor can ADP replace GDP in the second reaction (Equation 4). 
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The stoieluoinct ry of the rcacUou Ijctwcen Kuccinyl CoA and GDP w'hich 
results in CoA release is presented in Table III. The succinyl CoA dis- 
appearance is equivalent, to the CoASH liberated as required l)y the for- 
mulation in Equation 4 . Phosphate, Alg'*"’", and GDP are essential for 
the breakdown of succinyl CoA catal 3 ''zed bj'' t.hc phosphorylation 011230110 . 
If phosphoiyl CoA accumulated as an intermediate in the reaction, a de- 
crease in succin 3 ''l CoA fli 3 o!roxamic acid) would be e.xpectod even without 
the addition of GDP. 

For the isolation of the product, formed from GDP, the phosphor 3 da- 
tion reaction was coupled with the KG deh 3 ’-drogeiiase S 3 ^stem in order to 
obtain quantitative conversion. This experiment was cari’ied out in the 
presence of P^--labeled phosphate. The control consisted of an incubation 


Table III 

Stoichiometry and Component Sindy of GDP Phosyhorylalion Reaction 


System 

SH 

i 

—A hydroxamic acid 


limolc 

innole 

Complete 

0.21 

0.20 

No phosphate 

0.03 


“ GDP 

0 04 


“ enzyme 

0.03 



The reaction mixture contained succinyl CoA (0.48 Mmole), GDP (0.58 Mmole), 
MgCb (1.5 Mmoles), KBH 4 (1 Mmole), phosphate (5 Mmoles), GDP phosphorylation 
enzyme (24 7), and Tris (12 Mmoles) in 0.4 ml. at pH 7.5. The mixture was incubated 
for 10 minutes at 38°, and aliquots were analj’zed for unchanged succinjd CoA (hy- 
droxamic acid reaction) and CoASH formed (nitroprusside). 

mixture identical in all respects except that CoA was omitted. The com- 
plete system contained KG (15 pmoles), DPN (12 pmoles), CoA (0.12 
fiinole), cysteine (8 pmoles), MgCb (40 pmoles), GDP ( 2.2 pmoles), phos- 
phate (36 pmoles) with 9.1 X 10^ c.p.m. per pmole, KG dehydrogenase 
(0.5 mg.), and GDP phosphorylation enzyme (0.22 mg.) in 12 ml. at pH 
7 . 5 . The mixture was incubated at 25° for 16 minutes. At the end of 
the reactiorr, which was followed by observing DPN reduction, the pH of 
the solution was adjusted to 3.0 to inactivate the enzymies, and 200 pmoles 
of NaH2P04 were added to dilute the specific radioactivity of Pj. The 
solution Avas again adjusted to pH 3.0 and passed through columns of 
charcoal (Nuchar C-190, 0.9 cm. in diameter and 5 cm. high). The char- 
coal was washed Avith cold 0.01 m phosphate at pH 3.0, then Avith Avatc)-, 
and finally the nucleotides Avere eluted by Avashing Avith cold 5 per cent 
aqueous pyridine. The eluate Avas brought to pH 7.5 and lyophihzed. 
The residue Avas dissobrnd in 0.5 ml. of Avater, and the nucleotides were 
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precipitated by the addition of 0.02 ml. of 1 M barium acetate and 0.5 ml. 
of 95 per cent ethanol. The precipitate \va.s recovered, va.riied with 50 
per cent ethanol, and decompo.«cd with Dowex 50 The solution of 

nucleotides was applied as .streaks on paj)er and chromatographed (13), 
In the control chromatogram two streaks were observed under ultraviolet 
illumination (7?r 0.24 and 0.50; GDP and DPN, respectively), neither of 
which had any radioactivity. In the complete system in addition to the.=e 
two inactive zones a third zone with high P^- activity was ob-served (Rr 
0.13). The compound was eluted bj' cx'haustivc wa.shing with water, and 
the eluate was treated nnth Dowex 50 (H"^) to remove ammonium ions and 
lyophilized. The product had an absorption spcctnim identical with that 
of guanosine at pH 2 and 12. The base obtained after h3’drol}'sis with 1 
-v H;S04 for 1 hour was identified (15) in two paper chromatographic sys- 
tems (16, 17). The analjdical data appear in Table IV. The P’- activit\* 


T.4BLE IV 

Composidon of Guanosine Derivative Formed in Phosphorylation Reaction 



i per ml- 

j XJobr ratio 

Ribose 



Guanosine . 



Acid-labile P 



P” activitj’ (1.4 X 10^ c.p.m.) 

l.oO 

■bH 


corresponds to incorporation of 1 mole of phosphate per mole of product. 
This and the formation of an acid-labile phosphate strongl}’' indicate that 
the product is GTP. 

The sjTithesis of ATP from the above reaction product (Equation 5) 
is catalj^zed bj’- the second enzyme (NDP kinase). In order to demon- 
strate this synthesis, 0.7 pmole of the labeled product (specific radioactivit3^ 
9.6 X ICH c.p.m, per ;imole) was incubated for 5 minutes at 30° urith jMgCh 
(2 /imoles), Tris (5 jumoles, pH 7.2), ADP (0.9 pimole), and XDP kinase 
(0.1 mg.) in a volume of 0.4 ml. The reaction was stopped b3^ heating for 
30 seconds at75°, and the solution was applied directl3’’to paper for chromat- 
ographic separation as described previousl3'. The control, to which no 
enzyme was added, showed two spots {Rp 0.13 and 0.36), while the com- 
plete system showed five spots {Rf 0.12, 0.24, 0.30, 0.36, 0.51). In order 
to facilitate identification of the spots, reference compounds were applied 
on the same sheet. The spot with Rp 0.30, which had radioactivit3^, was 
eluted and identified as ATP 65' spectral anal3'sis and 63' measuring tri- 
phosphopyridine nucleotide reduction in the combined hexokinase and 
glucose-6-phosphate deh3^drogenase S3’^stems. The specific radioactivit3’ 
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of the ATP, corrected for decay, was 7.4 X 10' c.p.m. per /xmole of adeno- 
sine, or approximatelj'’ 77 per cent of the specific activity of the GTP. The 
lower specific activit}'^ is presuinal)!}'’ due to dilution hy inert ATP produced 
from ADP by the action of contaminating myokinase (18). In confirma- 
tion, the presence of myokinase in the NDP Idnase preparation used in the 
above experiment was demonstrated by coupling with adenylic deaminase 
(19). The isolation of GTP from the reaction mixture of the phosphoryla- 
tion step and of ATP from that of the transphosphorylation step provides 
additional evidence in support, of the two reactions formulated in Equa- 
tions 4 and 5. 

The follovdng nucleotides do not replace GDP in the primary phos- 
phorylation reaction (Equation 4) : the 2'-, 3'-, 5'-monophosphates and the 
triphosphates of adenosine, uridine, guanosine, and cytidine, I-5'-P, ADP, 
CDP, and UDP. However, IDP can substitute for GDP in the primary 
phosphorylation as well as in the transphosphorylation vdth ADP (Fig. 2, 
Curve 2). As in the case of GDP, the DPN reduced when coupled to the 
KG dehydrogenase system is equivalent to the IDP added, which indi- 
cates stoichiometric conversion to ITP. The reactions involved can be 
represented by Equations 6 and 7. Transphosphorylation between ITP 
and ADP has been demonstrated previouslj’’ (7, 13). 

Succinyl CoA + IDP + -Pi^ succinate + CoA + ITP (6) 

ITP + ADP IDP -f ATP (7) 

The ratio of the rates of phosphorylation of GDP and IDP was constant 
at the different stages of purification of the GDP phosphorylation enzyme 
from pig kidney under identical assay conditions (Table V). The phos- 
phorylation system prepared from pig heart b}’- entirely different pro- 
cedures (2) showed essentially the same ratio. The reaction rate v4th IDP 
was about 45 per cent of the rate obtained vith GDP. If the same enzyme 
catalyzes the phosphorylation of GDP and IDP, as seems likely from the 
data, the oxygen on carbon 6 of the two purines would be implicated as one 
of the sites for binding with the enzyme. 

According to the formulations in Equations 4 and 6, it should be possible 
to synthesize succinyl CoA from succinate, CoASH, and GTP or ITP, rvith 
only the GDP phosphorylation enzyme. This is indeed the case, as seen 
in Table VI, where succinyl CoA synthesis has been measured in terms of 
CoA disappearance. It is interesting to note that the limiting component, 
which is GTP in one experiment and CoASH in the other, is completely 
utilized. Thus, mth succinate in excess, the reaction can be used for 
measuring GTP or ITP as well as CoASH. This method of CoA analysis 
\delds results which agree closely with those obtained in a similar stoichio- 
metric assay nith the fatty acid activation system (20). In either system 
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the assay is applicable only to highly puiihecl samples of CoASII. Ab- 
sence of reaction with only ITP or GTP and CoA (no succinate) indicates 
that phosphoryl CoA is not accumulated in detectable amounts. 


T\ni,E V 

Rclatiic Rales of Rhosphorylatwii of GDP and I DP 


rho^phorvhlion cnzjme 

^ t per min 

IDP 

GDP 

bpcciCc acli\ it> 

\mounl u«cd 

GDP 

IDP 

0 70 

r 

SO 

0 060 

0.0.30 

0.50 


3D 


0 036 

0 GO 


27 



0 45 


24 


0.030 



360 

■■ 

0 0-JS 

0.44 


The reaction rates were obtained under standard assay conditions for the phos- 
phorylation enzyme (see the te\t). IDP was substituted for GDP for the data in 
the fourth column. The same batch of pig kidney enzyme, at di/Terent stages of 
purification, was used for first four lines. The data in the last line were obtained 
with a preparation from pig heart (2). 


T.\ble at 

Snccinyl CoA Synthesis with GTP and ITP 



^ — 

SH 

GTP 

ITP 


ft mol e 

ft mole 

Complete system 

-0.05 1 

-0.12 

Xo ITP . 

1 

0.00 

“ succinate 

0 00 

-hO.Ol 

“ enzj-me . 

0 00 

0.00 


The complete GTP system consisted of CoASH (0 24 fimole), GTP (0 043 /imole), 
succinate (15/imoles), MgCl- (1 /imole), KBH^ (1 ^mole), GDP phosphorylation en- 
zjTne (30 y), and Tris (5 /imoles) in 0 3 ml, at pH 7.2. The incubation time was 15 
minutes at 30°. For the ITP system the components were CoASH (0.12 jLimole), 
ITP (0 7 >jmole), succinate (5 pmoles), and the others as above. The mixture was 
incubated for 5 minutes at 30°. At the end of the incubation, saturated NaCl and 
NaCOs-HaCX solutions were added directly to the tubes, followed by nitroprusside 
solution. 0 1 //mole of — SH in I ml (1 cm. light path) gave an absorbancy of 0 630 
at 540 m// 


Arsenolysis 

The arsenolysis of succin}^ CoA, catab'zed by the GDP phosphorjdation 
euzjTne, can be demonstrated spectrophotometrically coupling with the 
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KG dehydrogenase system (3). The nrscnol 3 Asis is inliibitcd strongly by 
phosphate (Fig. 3). The reaction requires Mg^+, but is independent of 



Fig. 3 Fig. 4 

Fig. 3. Spectrophotometric demonstration of arsenolj’^sis of succinyl CoA. The 
reaction mixture consisted of KG, DPN, CoA, MgCls, and c^'steine, as in Fig. 2. 
The buffer was Tris (30;imoles, pH 7.5) instead of phosphate, and arsenate (30 //moles) 
was also present. The phosphorylation enzj'me (1.0 unit) was added at 1.5 minutes 
(indicated by P). No phosphate was present for Curve 1. Curves 2 to 4 were ob- 
tained with 3, 10, and 30 //moles, respectively, of phosphate in addition to arsenate. 
For Curve 5, Mg++ was left out initiallj’’ and added at 4 minutes. 

Fig. 4. Arsenolysis of ITP. The components were ITP (3 //moles), MgClj (10 
//moles), K arsenate (10 //moles), cysteine (10 //moles), Tris (30 //moles), and phos- 
phorylation enzyme (10 units) in 1.0 ml. at pH 7.5. In addition, for Curve A the 
mi.xture contained 0.4 //mole of CoA; for Curve B, 10 //moles of succinate. Aliquots 
were taken at 5, 10, 15, and 30 minutes, acidified with trichloroacetic acid, and then 
assa 5 '’ed for phosphate. 


Table VII 

Stoichiometry of Arsenohjsis 


Incubation time 

—a succinyl CoA 

-t-A 

— SH 

Arsenate 

No arsenate 

Arsenate 


min, 

5 

0.53 

0.10 

0.80 

0.19 

15 

1.87 

0.24 

2.02 

0.34 

25 

2.52 

0.40 

2.65 

0.50 


The reaction mixture contained succinyl CoA (3.9 //moles), MgCb (5 //moles), 
KBH/ (2 //moles), Tris (18 //moles), GDP phosphorylation enzyme (1.5 units), and 
arsenate (15 //moles) in 1.5 ml. at pH 7.5. Incubation at 20° under nitrogen. 


GDP. The direct evidence for the arsenolysis, presented in Table VII, 
is consistent Avith the formulation in Equation 8. The rate of arsenolysis 
was approximately one-fifth of the rate of the reaction with phosphate and 

GDP. 
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Succinyl CoA — ^ — ‘ succinate + CoA (S) 

The preparation of pliosphorylation enzyme catalyzes also the arsenoh'- 
tic breakdown of ITP (Equation 9). The reaction requires the addition 
of CoA and Mg^ but not of succinate (Fig. 4). These results have been 

ITP IDl’ + I’l (9) 

confirmed by qualitative observations on the disappearance of ITP (paper 
chromatographic method) in the presence of cnz3-me, CoA, and arsenate. 
Again, under these e.xperimental condition.s, succinate did not replace CoA. 
It maj' be noted that the rate of arsenoij’sis of ITP is considerablj” slower 
than that of the arsenoh'sis of succin}'! Co.A,. These e.xperiments were 
performed with ITP, since it was more readilj* available than GTP, and 
need to be repeated with more highly purified enzj'mes. 

mscussiox 

The arsenolj'sis experiments leave no doubt that a phosphor3'lated com- 
pound is formed as an intermediate in the pbosphor3'lation reaction. 
Green (21) has proposed that phosphor3’l S-CoA is the intermediate. L3'- 
nen et al. (22) had earlier considered this compound as a possible interme- 
diate in acet3d CoA synthesis. So far there is no definite evidence that 
such a compound does exist. Our experiments show that stoichiometric 
amounts of this phosphor3'l CoA are not formed when either succin3d CoA 
and phosphate or GTP and CoA are allowed to react (Tables III and ■\T, 
respectively). 

On the basis of isotope incorporation e.xperiments carried out with a 
phosphoi^dation 6023^10 from spinach, a mechanism inrohdng enz3Tne- 
bound phosphor3d CoA as an intermediate has been proposed (23). The 
mechanism does not explain the succinate-independent arsenol3’’sis of ITP, 
unless it is assumed that the intermediate dissociates to form free P; (in 
the absence of succinate). A detailed anal3'sis of the reaction with more 
highl3' purified preparations is necessary’’ before an acceptable mechanism 
can be suggested for the mammalian enzyme. 

Materials and Methods 

The adenine nucleotides, supplied by the Pabst Laboratories or the Sigma 
Chemical Company, were rechromatographed on Dowe.x 1 (Cl~) 2 per 
cent cross-linked resin (24). The concentration of the chloride ion in the 
eluate was increased gradually^ (in steps of 0.01 or 0.02 jr). The washing 
at each concentration was continued until the absorption at 260 mii of the 
eluate had dropped to a low or to a constant value over several column 



518 


COUPLED PHOSPHORYLATION 


volumes. Certain eril.ical samples were further purified by paper chroma- 
tograph}^ (13). In this separation, all of t.he adenine nucleotides migrate 
much faster than the di- and triphosjihato.s of guanosine, inosine, and 
uridine. IDP and ITP wei' e pi-pjiared fi-om ADP and ATP, respectively, 
l)y ciiemical deamination (25) or were purcha.scd from flie Sigma Chemical 
Company. Samples of 2'-, S'-, and o'-phosphates of adenosine, guanosine, 
uridine, and cytidine were generous gifts from Dr. W. E. Cohn. DTP and 
CDP, supplied by thePabst Laboratories, were repurified on Dowex 1 (Cl~) 
as described above. UDP was prejiared fium UTP by acid hydrob'^sis or 
was purified from a sample of cmde UDP kind]}'’ presented by Dr. S. Lip- 
ton. The preparation of GDP and GTP is described elsewhere (15). The 
nucleotide concentration is calculated from the absorption at 260 mg ac- 
cording to the tables of Volkin and Cohn (26). 

CoA was prepared from yeast as described by Beinert et al. (14). For 
certain critical experiments it was necessary to repurify the samples by a 
second Cu precipitation (14) in order to remove traces of other nucleotides. 
CoA (100 mg.) and glutathione (300 mg.) were dissolved in 15 ml. of water, 
and the pH of the solution was adjusted to 7. The solution was allowed 
to stand at room temperature for 15 minutes, and then 0.75 ml. of 10 n 
H 2 SO 4 was added. A suspension of 100 mg. of CusO in water Avas added 
slowly and Avith constant stirring. When the red color disappeared com- 
pletely, the mercaptide was collected by centi’ifugation and AA^ashed once 
Avith 0.05 N H2SO4 and then Avith distilled Avater until the washings were 
free of sulfate. The precipitate was suspended in AA^ater, and H2S AA^as 
passed through it for several hours. The CU2S Avas remoAmd, and the 
supernatant solution AAms rendered free of H2S by bubbling nitrogen through 
it. The solution (30 ml.) Avas treated AAuth sodium amalgam (14) and then 
passed through a column of Dowex 50 (H+) (15 ml. in volume). The 
filtrate and AAmshings AA'-ere lyophilized. The jdeld aa^s 41 mg., and the 
purity of the CoA Avas 82 per cent, 

Succin3d CoA AAms S5mthesized essentia II3'' by the method of Simon and 
Shemin (27), except that a 3- to 4-fold excess of succinic anhydride in 
dioxane Avas used. When the reaction AAms completed, as shoAAm by no 
further decline in — SH (nitroprusside reaction), the nucleotides AA'ere pre- 
cipitated by the addition of excess barium acetate and alcohol. The pre- 
cipitate AAms AA'ashed AAdth alcohol and dried. The Ba++ AA'as I'emoA'ed AA'ith 
DoAA'ex 50 (H+), and the solution was then neutralized and lyophilized. 
The succinyl CoA in these preparations amounted to 0.7 to 0.8 /iinole per 
mg. The preparation AA'as stable for 12 months when kept over desiccant 
—10°. The sources of other materials harm been indicated preAdously 

KG dehydrogenase AA'as prepared as described previously (10) and then 
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subjected to an isoelectric precipitation. The dialyzed enz 3 ’me was diluted 
with 0.01 M phosphate, pH 7.0, to approximateh’' 5 mg. of protein per ml., 
and the pH of the cold solution was adjusted to 5.S to 5.9 with 1 per cent 
acetic acid. It was immediatelj' centrifuged and the precipitate was 
dissolved in 0.01 m phosphate, pH 7.5, to give a protein concentration of 
approximately 20 mg. per ml. The solution was clarified, if necessarj', by 
rccentrifugation.'' 

Dclcnnination of Phosphate in Presence of Arsenate — ^The reaction mix- 
ture was deproteinized with 5 per cent trichloroacetic acid. To an aliquot 
of the extract containing 0.1 to 1.0 /nmole of phosphate and less than 10 
/nmoles of arsenate in 0.2 to 0.5 ml., 10 to 50 mg. of repurified sodium 
dithionite (iXa^;0<) were added. The mixture was allowed to stand at 
room temperature for about 5 minutes and then diluted to the required 
volume for phosphate anah'sis (29). Under these conditions, the arsenate 
is reduced to arsenite and no color is produced in the reaction. The dithio- 
nite was rigorousl}’’ purified bj' the method of Hill (30) and reciystallized 
twice. Purified samples can be stored for some months in vacuo over 
P 2 OS. Impure preparations produce a white precipitate during phosphate 
analj’sis or even after adding it to the tricldoroacetic acid extract. 

The nitroprusside reaction w^as carried out by a modification of the 
method described bj’ Grunert- and Phillips (31). Other methods used have 
been described previouslj' (1). 


STOIMAnV 

The phosphorjiation of ADP coupled to the breakdown of succinji CoA 
in animal tissues is a two-step reaction involving two different enzjnnes 
and GDP. The product of the first reaction catalj^zed by the GDP phos- 
phorylation enzjmie is GTP. The second step, transphosphorjdation from 
GTP to ADP, is catalyzed bj’’ NDP kinase. GTP has been isolated from 
the reaction and identified. For the sjuithesis of succinjd CoA from ATP 
both enzjTnes and GDP are necessarj'. However, only the phosphoiyl- 
ation enz 3 mie is necessary for succinyl CoA S 3 ’-nthesis when GTP is used 
instead of ATP. IDP can substitute for GDP in the S 3 'stem but less ef- 
fectivel 3 \ 

■* The DPNH o.-ddizing activity (28) of such a preparation was only 10 to 20 per 
cent of that observed bj' Huennekens el al. Before this step the activity was 2- to 
3-fold higher and in agreement with our earlier calculations that the “diaphorase” 
contamination amounted to 1 to 2 per cent of the total protein (10). It may be 
appropriate to emphasize that Huennekens el al. have compared the DPJvH oxidiz- 
ing and KG dehydrogenase (DPN reduction) activities of the enzj-me preparation at 
two different pH values, the former at pH 10 and the latter at pH 7.4. The observed 
activity, if assumed to be due to “diaphorase,” would amount to less than 1 per 
cent of the total protein in the preparation. 
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The GDP phosphorylation enzyme catalyzes the arsenolytic breakdown 
of snccinyl CoA. The reaction is inhibited by phosphate. For the ar.se- 
nolysis of ITP, CoA, but no snccinate, is necessary. 
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ISOLATION OF GU.ANOSINE DI- AjsD TRIPHOSPHATES 

FROM YEAST* 

Br P.VDMAS1XI AYEXG/Ul,! DAVID XI. GIBSON, t C. H. LEE PENG, 

AND D. 11. S.VNiVDI§ 

(From the Jnsiiinie for Enzyme Pcscarcfi, L’nti'crsiiy of H'lsconsiti, 

Madifon, ll'isco/isiri) 

(Reccivctl for publication, April II, 1955) 

The enzyme system from animal tissuc.s that couples the breakdown of 
succinyl CoA to the phosphorylation of ADP has been separated into two 
fractions.* An additional nucleotide cofactor was found to be necessaiy 
when highly purified preparations of CoA and ADP were used in the reac- 
tion (1, 2). It was also shown that this nucleotide is present in t'east e.x- 
tracts. A method for the isolation of the nucleotide and its identification 
as guanosinc-5'-p3Tophosphatc or GDP are described in this paper. 

Results 

Assay — The assay of the nucleotide is carried out spectrophotometri- 
cally in a coupled system, as outlined in the preceding paper (2). The 
nucleotide is quantitatively phosphorylated, and an eciuivalent amount of 
DPN is reduced according to Equations 1 and 2. Applications of the 

KG -b DPN- -f CoA — succinyl CoA -P DPNH -b H" -b CO= (1) 

Succinyl Co,\ -f- GDP p, — succinate Co.\ -r GXP (2) 

assaj' at different stages of purification and the conditions for the assay 

* Aided by a research grant. No. A596, from the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, Public Health Service, and 
a grant from the .American Heart .Association. A report of these investigations was 
presented at the meetings of the .American Societv of Biological Chemists, .Atlantic 
City, 1954. 

t Present address, City of Hope Hospital, Duarte, California. 
t Postdoctoral Trainee of the National Heart Institute. 

I Part of this work was carried out during the tenure of an Established Investiga- 
torship from the .American Heart .Association. Present address. Department of 
Physiological Chemistry, University of California Xledical School, Berkeley, Cali- 
fornia. 

' The following abbreviations are used; G-2'-P, G-3'-P, G-5'-P, GDP, and GTP 
for the 2'-, 3'-, 5'-, di-, and triphosphates of guanosine. Similar sranbols are used for 
the nucleotides of adenosine (.A), uridine (U), and inosine (I). KG is used for a- 
ketoglutarate, KGD for KG dehydrogenase, DPN or DPN'*' for diphosphopvridine 
nucleotide, DPNH for reduced DPN, CoA for coenzjTne .A, Pi for inorganic phos- 
phate, Tris for tris(hYdrox>Tnethyl)aminomethane, and .Ajeo for absorbancy or log 
lo/I at 260 mfi. 
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are shown in Fig. ] . With purified .samples of GDP (e.g., Curve 3) the 
reaction terminates wlien the added GDP is con.sumcd. With le-ss pure 
preparations, the assay is complicated hy the continued DPN reduc- 
tion. Correction for tliis can be applied I’cadil}’’ b}'" extrapolation of the 
rate back to the time of addition of the phosphorylation enzyme, as shown 
in Fig. 1. The corrected value for the DPNH produced is equal to GDP 
concentration in the sample. The continued DPN reduction is caused by 
two factors. First, the GDP phosphorylation enz)^^ contains small 



Fig. 1. Assay of GDP at different stages of purification. The assay S 3 "stem con- 
tained KG (5 /imoles), DPN (1 jumole), MgCIs (10 /iimoles), phosphate (100 /umoles) 
at pH 7.5, cj'steine (20 jumoles), OoA (0.02 //mole), sample for assay, and KGD (0.05 
mg.) in 3.0 ml. The sample for assaj'', CoA, and C 3 'steine were incubated for 3 to 5 
minutes at 30° at pH 7.5 before mLxing with the other components. The reaction 
with GDP was initiated b 3 '- the addition of the phosphorylation 6023^6 (0.1 to 0.2 
unit) at the time indicated by the arrow. Curve 1 was obtained with 0.9 mg. of 
crude concentrate from the charcoal column, Curve 2 with 0.4 mg. of Fraction 1, 
and Curve 3 with a sample of eluate from the Dowex 1 column. 

Fig. 2. Relation between GDP added and DPNH formed. Assa 3 ’' conditions as 
in Fig. 1. The GDP concentration (added) was calculated from the A 200 of the sam- 
ple. From the data, the sample appeared to be 90 per cent pure. The dotted line 
shows the e.xpected relationship if the sample were 100 per cent pure. 


amounts of enzymes that catalyze ti’ansphosphorylation from GTP to 
other mono- and dinucleotides. Second, emde samples of GDP contain 
other nucleotides which accept phosphate from GTP. As a result GDP 
is produced by transphosphorylation which reacts again in the S 3 ’'stem. B.v 
selecting appropriate levels of KGD and the phosphor 3 dation 61123 ^ 6 , it 
is possible to obtain a good estimate (±10 per cent) of the GDP content 
of even relatively erode samples. 

The DPNH produced is practically equivalent to the GDP added over 
\\ide limits wdth purified samples (Fig. 2). This holds true with erode 
samples also, except that the correction is more difficult to appb^ at higher 
levels of nucleotide. In practice, the level is adjusted to give an absorb- 
ancy change of 0.03 to 0.10 (equivalent to 0.015 to 0.050 //mole of GDP). 
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Earl}' in the investigation, a small sample of active nucleotide was iso- 
lated from commercial samples of ADP. Its tentative identification as a 
guanosine phosphate aided greatl}' the subsequent purification. The 
characteristic ratios of absorption at different wave-lengths in the ultra- 
violet region at acid and alkaline pH (3)- have been highl}' useful in this 
work. For example, the Asso/Aico at pH 2 of the o'-phosphates of guano- 
sine is 0.6S, of adenosine 0.22, of uridine 0.3S, and of cjAidine 2.1. The 
ratios change to O.GO, 0.15, 0.33, and 0.90, respectiveh’, at pH 12. 

Isolation of GDP and GTP 

Analy.As for GDP in boiled extracts of yeast .Aiowcd that its concentra- 
tion was appro.ximateh' ISO piinoles per kilo of diy yeast.® This value is in 
close agreement with that calculated from the recent chromatographic 
data of Schmitz (4). 

Xnclcotide Concentrate — In testing different sources for the active nucleo- 
tide, it was found that the crude CoA concentrate prepared from 3'east (5) 
by adsorption on charcoal, followed by elution with aqueous pyridine and 
precipitation with acetone, was a rich source. Different samples assa}'ed 
from 20 to 25 /imoles of GDP per gm., corresponding to a yield of 110 to 
150 Mmoles per kilo of original dr}- 3’east. The method for the preparation 
of eoncentrate was modified slightly as follows.'* Barium acetate solution, 
1 M, was added to the cooled pyridine eluate (1.8 ml. per liter), followed by 
cold 95 per cent ethanol to bring the final ethanol concentration to approxi- 
mately 50 per cent. The gra}' precipitate that formed immediatel}' was 
allowed to settle overnight. The supernatant fluid was siphoned off, and 
the precipitate was collected bj" centrifugation. After being washed once 
with 50 per cent ethanol and tuice with acetone, it was dried over H2SO4 
in a desiccator. The j'ield of the gray powder was 4.3 to 5.0 gm. and of 
GDP, 110 to 150 Mmoles per kilo of 3'east. The CoA recover}' was the 
same as that obtained b}' the original procedure, which involved concen- 
tration of the eluate and precipitation of the nucleotides with acetone (5). 

Separation of Guanosine Nucleotides and CoA — The concentrate obtained 
b}' precipitation -ft-ith Ba"^ was stirred with cold 0.07 x HXO3 (2 liters per 
100 gm.), and 3 x HNO3 was added dropwise to maintain the pH at 2. 
The solution was kept cold throughout the fractionation except where 
.specified. The slurr}- was centrifuged for 15 to 30 minutes at 2000 X g, 

’ We are deeply indebted to Dr. W. E, Cohn for supplying the data before publi- 
cation as 4\ell as for gifts of 2'-, .3'-, and 5' -phosphates of adenosine, guanosine, 
cytidine, and uridine. He also suggested that the cofactor may be a guanosine de- 
rivative from its spectrum. 

’ Primary dried 3-east, strain G, -Anheuser-Busch, Inc., St. Louis, Missouri. 

^ * In the original procedure (5) Xuchar C-190 was used. We have found that 
Xuchar C is just as satisfactor3' as Nuchar C-190. 
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and the residue was again stirred with ilie same volume of 0.02 n HNO 3 . 
A small amount of powder, moslly charcoal, remained insoluble and was 
discarded afl-er cen(,rifuga(.ion. The sip^ernalant solidions were combined 
and adjusicd to pH G.O with 2 n NaOH, allowed to stand in the refrigera- 
tor for 30 minutes or more, and then centrifuged as before. The residue 
(Fraction 1) was washed three times wdth winter at room temperature (600 
ml. each time per 100 gm. of original concentrate). The washings were 
combined with the .supernatant solution, and cold 95 per cent ethanol was 
added to a final concentration of 50 per cent. After 30 minutes, the pre- 
cipitate was recovered b}'’ centrifugation, w'ashed once with 50 per cent 
EtOH, tAvice wdth acetone, and dried (Fraction 2). 

Fraction 1 contained 15 to 20 per cent of the original material (dry 
weight) and over 70 per cent of the GDP. The GDP concentration at 
tliis stage aa'us usually 80 to 110 /liinoles per gm. of dry weight. Fraction 2 
had 30 to 40 per cent of the original solids and over 80 per cent of the CoA. 
For the recovery of CoA, Fraction 2 was suspended in water and ground 
with 2- to 3-fold excess of Dow'ex 50 (H+) until the precipitate dissoh’’ed. 
The Dowex 50 was washed Avith AA’ater, and the combined extract and 
washings Avere diluted to 800 ml. per 100 gm. of original nucleotide con- 
centrate. Subsequent operations inAmhang precipitation Avith cuprous 
oxide in the presence of excess glutathione AA'ere carried out as described 
previously (5b The yield of CoA by this modification AAms loAver (about 
50 to 70 per cent of the reported yield per kilo of dry yeast), and the purity 
varied from 50 to 60 per cent. No attempts have been made to improA'^e 
the yield or purity of CoA. 

Chromatography on Dowex 1 — Fraction 1 was rendered free of Ba++ by 
mixing Avith DoAA’’ex 50 (H+) and AA'^ater and stirring the suspension until the 
precipitate disappeared. The DoAA’-ex 50 Axms removed, the pH of the ex- 
tract Avas adjusted to about 7, and the nucleotides were chromatographed 
on a DoAA^ex 1, chloride, column. In our experience, the 2 per cent cross- 
linked resin (X2) gaAm better resolution than the X8 resin. Approxi- 
mately 60 ^moles of nucleotides, calculated from A 2 G 0 AAdth the e of adeno- 
sine, Avere used per ml. of AAmt packed resin. A description of a typical run 
is given beloAV, and a floAv sheet of the isolation is presented in Diagram 1. 

A sample of Fraction 1 (4.5 gm. containing 4.7 mmoles of adenosine 
equNalent, calculated from Aseo, and 520 /zmoles of GDP) AA'as decomposed 
AA'ith DoAA'ex 50 (H+). The neutralized solution (400 ml.) aa'us passed 
through a column of Doaa'cx 1 (Cl~) (X2, 200 to 400 mesh, 2.5 cm. in 
diameter and 18 cm. in height). The floAV rate through the column Avas 
maintained at 4 ml. per minute by applying a pressure of 1 to 2 pounds per 
sq. in. from a nitrogen tank.® The column Avas Avashed Avith 300 ml. of 

pressure reducing A^alve, No. 70 regulator from the Matheson Company, 
Inc., East Rutherford, New Jersey, Avas used AA’ith the tank. 
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water and then wth 2 to 3 litci^s of 0.01 x HCl containing 0.01 x NaCI 
until the ^l:to of the eluate dropped to a low value and remained reasonabl}^ 
constant. Approximatel3' 40 to GO per cent of the material, in terms of 
-4;6 o, was eluted from the column at this stage. This part of the procedure 
was coin-eniently carried out overnight, and the eluate was collected in 
one large fraction. The .4:soA4:co ratio of this fraction indicated that ad- 

4.7 kilos dry yeast (SaO ^inioles GDP) 

Extract with aqueous acetone 
Adsorb on charcoal 
Elute with aqueous pyridine 
Ppt. with Ba acetate 

il 

Ba nucleotide concentrate 
25 gm., 660 pmoles GDP 

j Extract with HNOj 

11 I 

Adjust pH to 6.6 

I 

11 

Wash; dry 

Fraction 1, 4.5 gm., 520 pmoles GDP 

II 

Wash; remove Ba+''' 

Dowex 1, Cl~ Fraction 2 

CusO precipitation 

GDP, 440 Mmoles 

GTP, 60 pmoles CoA 

Di.vgbam 1. Flow sheet for the isolation of GDP, GTP, and CoA from yeast 

enine nucleotides were, the major components. TiTien the Aogo/Ajeo of 
the eluate rose to over 0.5, the concentration of NaCl in the eluent was 
increased to 0.04 x, the HGl concentration being the same (0.01 x). The 
eluate was collected in 200 ml. fractions and immediately adjusted to 
pH 6.0 to 7.0. GDF and GTP appear to be more labile than the cor- 
responding adenine nucleotides, and greater care is necessary to prevent 
hydrolysis. When most of the GDP was eluted, the NaGl concentration 
was increased to 0.08 x, which resulted in elution of ATP from the col- 
umn. The elution pattern and the A280/A260 of the fractions are shovm 
in Fig. 3. The elution was continued until GTP was recovered. UDP 



526 


(.'UAXOSIXK DI- AXl) TIUI’lIOSI’IlATJiS 


and UTP follow GDP and CPP on (lie column and may be i-ecovered b}" a 
more gradual increase in NaCl concen (ration. 

Fractions of GDP containing over 0.3 /miolc jier ml. were pooled and 
concentrated by )3mphilizing .so (hat the final Cl” concentration was less 
than 1 M. The solution was cooled in ice, and 1 iW BaCb was added in a 
3-fold excess over the nucleotide concentration. GDP was precipitated 
as the barium salt bj'’ the addition of cold 05 per cent ethanol to a final 
concentration of about 50 per cent. The mixture was allowed to stand 
overnight in the refrigerator and the precipitate recovered by centrifuga- 
tion. It was wa.shed twice with .small A'olumcs (5 to 10 ml.) of cold water 
to remove anj'’ precipitated NaCl, then with alcohol and ether, and dried. 



Fig. 3. Elution pattern of chromatogram. The eluents were (A) 0.01 n HCl, 
0.01 N NaCl; (B) 0.01 n HCl, O.Ot n NaCl; (C) 0.01 n HCl, O.OS N NaCl; (D) 0.01 N 
HCl, 0.12 N NaCl; (E) 0.01 n HCl, 0.13 n NaCl. The /Ueo of the main 0.01 n NaOl 
fraction was 21.0. X represents the A 2 so/A 2 ca of the fraction. 


The same procedure was followed to obtain GTP from the eluate. The 
jdeld of the GDP fraction (Ba salt) Avas 0.35 gm. and that of the GTP 
fraction 0.04 gm. The nucleotides were stored as the barium salts ovci 
desiccant at —10°. The GDP recovered was 440 pinoles b}^ Gnz 3 unatit- 
anal 3 ''sis and 490 pmoles by Ai 26 o. The 3 deld of GTP was 56 pinoles by 
/Ggo. This value Avas in close agreement AAuth the enz 3 ''inatic assa3^ de- 
scribed subsequentBx On a paper chromatogram, AAuth the isobutyin 
acid-ammonium isobutyrate sohmut (6), the GDP appeared as (avo spots, 

the faster moAung component appeared as an extreme^'' faint spot. 1 hesc 

■ “ ' rell a: 



AAV.. V V/A i 7 ' - T> */l 

panson AA'ith a reference sample as Avell as b3^ absorption spectrum. i 
' We are indelited to Dr. 3hui R. Potter for making available, before juiblic.it ion, 


this method for separation of miclcotidcs on Dowe.v 1 (forma 


tc). 
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sumabh* it arose b}' breakdown during the procedures subsequent to Dowex 
chromatographj'. No contamination b}' other (non-guanine) nucleotides 
has been observ'ed so far in several preparations obtained as described 
above. 


Identificalion of GDP 

All of the analj'tical data reported here were obtained on the same sam- 
ple. The free nucleotide was prepared by suspending the barium salt in 
water and stirring wtli Dowex 50 (H+) until the wliite precipitate dis- 



Fig. 4. Absorption spectra at pH 2. The solid line refers to the active nucleo- 
tide, A to guanosine, and O to G-o'-P, The m,. (molar extinction coefficient) 
of guaaos'me phosphates n-as taken to be 11.8 X 10^ (3). 

,FrG. 5. Absorption spectra at pH 12, Symbols as in Fig. 4, 

Spectrum — The absorption spectra of the sample in 0.01 x HCl and in 
0.01 X NaOH are shown in Figs. 4 and 5. The spectra were identical -ndth 
’ the spectra of guanosine and G-5'-P tinder similar conditions. In alkaline 
.solution there was a characteristic shift and a general broadening of the 
. absorption peak. After hydrolysis in 2 x HCl at 100° for 2 hours, the 
. spectrum was identical with that of guanine. 

Base — The acid hydrolysate was chromatographed on paper tvith acidic 
^and basic solvents: 5 per cent ammonium citrate at pH 3.6-isoam3'l alcohol 
(8) and butanol-diethjdene glycol-water in NHj vapor (9). In both S 3 "s- 
tems the Rr value of the base derived from the cofactor was identical with 
the Rf of authentic guanine (0.51 and 0.26 in the acidic and alkaline si's- 
•teins, respectively). When the sample and guanine were combined, a 
single spot appeared without an 3 ' trace of separation. 
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Rihose Ribose was identified and estimated l)y the orcinol reaction 
(10). Tlie absorption .spectnnn of the complex was identical with that 
obtained Avith A-5^-P, The rale of color development Avas also identical 
AA'ith that of a sample of A-o'-P. 

Phosphate Tlie nucleotide eojilained acid-labile phosphate (1 n HzSOj, 
100°, 10 minutes), Avhich A\’as estimated bj’" the method of Piske and Sub- 
baroAV (11). For total phosphate, the sample AA'as digested as described 
by Kng (12). 

The results of the chemical anal3^$cs are presented in Table I. The 
purity of the preparation, calculated from A260, ■'vas 86 per cent. Prepara- 
tions, AAoth a purity of 91 per cent, haAm also been obtained. There AA'as no 
loss in Aveight on diying in vacuo OAmr PoOe at 56° for 2 hours. 


Table I 

Chemical Analysis of Guanosine Nucleotides from Yeast 


i 

Diphosi^hate 

Triphosphate 

amoles per mg. 

Ratio 

pmoles per ml. 

Ratio 

Guanosine (^sco) 

1.94 i 


3.84 


Ribose (orcinol) . 

1.81 




Phosphate (total) . 

3.59 

1.85 j 

11.9 


(acid-labile) 

1.74 


7.98 



Nucleotide Pyrophosphatase Action — The chemical analysis suggested' 
that the isolated nucleotide ma}'- be GDP. Confirmatory evidence of this 
structure Av^as obtained by the action of nucleotide p3'-rophosphatase 
(NPPase) (13).’' 1 mole of phosphate per mole of guanosine AA'as liberated, 
from the compound (Fig. 6). The rate of h3'-drol3''sis AA’as 17 times faster 
than that of G-S'-P. The other isomeric guanosine monophosphates (2'-t 
3'-) AA'ere h3^drolyzed CA’en more sioAA’l3’. 

The product of the h3^drolysis from one of the experiments AA'as chromat- 
ographed in the isobutyric acid-ammonium isobutyrate S 3 ’'stem (6). The, 
Pf Amines of the reference compouJids, AA’hich AA’ere clearly separated from 
one another, Avere as folloAvs; G-2'-P, 0.34; G-3'-P, 0.30; G-5'-P, 0.23. The 
Pr of the NPPase hydrolysis product AA’as 0.23. A mixed sample of the 
product and G-5'-P shoAA'ed no resolution. 

Nticleoside Diphosphatase (NDPase) Action^ — Further cA’idence AA'as 
obtained by the use of a phosphatase from pig kidney AA’hich liberates one. 
phosphate from GDP, UDP, and IDP, but is inactive tOAA'ards ADP,' . 

^ This enzj’me was a gift from Dr. T. P. Singer and Dr. E. Ke.arne}’. 

s AA’^c are indebted to Dr. Miriam .Jacob for carrying ont (he c 
in this section. 
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ATP, UTP, and ITP or the corresponding o'-monopliosphates (14).’ 
GDP (159 /jinoles) wa.s incvdiatcd with the pho.sphatasc (12 mg.) and 
MgCl: (100 fimolcs) in 10 ml. of 0.035 m Tris at pH 7.5 for 20 minute.? at 
3S°. The enzyme was then inactivated by heating for 2 minutes at 100°, 
and the denatured proteiti was removed. The products were separated 



Fig. 6. Action of nucleotide pyrophosphatase on the active nucleotide. The 
reaction mi.vture, consisting of I.S ^moles of nucleotide, 5 #imoles of Tris, and 0.1 
mg. of NPPase in 0.5 ml. volume at pH 7.6 was incubated at 3S°. Aliquots were 
analyzed at intervals for P;. C refers to nucleotide, and 2'-, 3'-, and o'- to the three 
isomeric monophosphates of guanosine. 

T.iBLE II 


Action of 5' -N ucleolidase on Product of Hydrolysis of GDP by Xucleoside 

Diphosphatase 

\ 

Incubation time { 

1 

Pi 

min. 

! Fmoles 

lo 

1.55 

30 

2.10 

60 ' 

3.60 


The reaction mixture contained glycine, pH 8.5 (100 /mmoles), 5IgCh (10 /imoles), 
5'-nucleotidase (0.2 mg.), and guanosine nucleotide (4.0 /imoles) in 1.0 ml. Incuba- 
tion at 38°. 


on Dowex 1 (formate), X2. The colunui was washed first with 0.5 m 
formic acid, and G-5'-P was then eluted with 1 ji formic acid. The nucleo- 
tide was precipitated as the barium salt, the over-all yield being 72 pmoles. 
Its absorption spectrum was similar to that of guanosine. Total phos- 
phate analj'sis showed 1 mole of phosphate per mole of base. The Rf was 
the same as that of G-5'-P. The action of purified 5'-nucIeotidase of snake 

’ Recently, similar phosphatase activity has been demonstrated in other tissues 
(15-17). 





530 


GUANOSINE 1)1- AND TRIPHOSPHATES 


venom {Crotalus adamanieus) (IS)*® on this compound was studied. Table 
II shows that the nucleotidase catalyzed the h 3 ’'drolysis of the product 
derived from GDP, The rate of lij^drolysis was essentially the same with 
A-5'-P, while A-2'-P, A-3'-P, G-2'-F, and G-3'-P ivere not hydrolyzed over 
the same period of time under similar conditions. 

In agreement with the above data on the enzymatic liberation of one 
phosphate group, the titration curve of the cofactor show^ed three distinct 
breaks corresponding to pK values of 2.80, 6.40, and 9.45.** The pK of 
6.40 indicates that the terminal phosphate group was unesterified. 

Entirely independent evidence for the stmeture of the nucleotide was 
obtained with a sample of synthetic G-h'-P.*^ This sample did not replace 



Fig. 7. Synthesis of GDP from G-5'-P. The reaction mi.xture was similar to that 
shown under Pig, 1. G stands for 0,04 ;umole of sjmthetic G-5'-P, E for 0.05 ml. of a 
mixture of GDP phosphorylation enzj^me and NDP kinase, and A for 0.2 ,umole of 
ATP, In the experiment represented by Curve 2, G-5'~P was omitted and there 
was no additional reaction. 

the active nucleotide in the primary phosphorylation (Equation 2). How- 
ever, when ATP w’^as also added to the system, DPN reduction was re- 
sumed in the coupled KG oxidation s 3 '"stem (Fig. 7). The DPNH pro- 
duced was 0.085 pmole, which corresponds approximate^’- to twdee the 
G-5'-P added. The first reaction in this sequence is the synthesis of GDP 
from G'5'-P and ATP by transphosphorylation catalyzed by the nucleo- 
side monophosphate Idnase which is present in the GDP phosphoiylatiou 
enzyme (Equation 3) (15, 19), The GDP reacts in the coupled phos- 

ATP -f G-5'-P ADP -f- GDP (3) 

phoiylation system (Equations 1 and 2), producing 1 equivalent of DPNH- 

The purified 5'-nuclootidase was kindly provided by Dr. E. Herbert and Dr. 
Van R. Potter. 

>■ This experiment was kindly performed by Dr. R. IM. Bock. 

»= The sample was a gift from Dr. H. G. Khorana and Dr. R. W. Chambers. 
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The GTP produced in turn phosphorjdates the ADP '(Equation 4) (2) and 
itself reverts GDP, giving rise to the 2nd molecule of DPNH. 

GTP + ADP GDP + ATP (4) 

On the basis of the above evidence it is concluded that the nucleotide 
isolated from yeast was guanosine-5'-pyrophosphate or GDP. 

Identification of GTP 

The second guanosine nucleotide isolated from the column has been 
analyzed by essentialh'' the same methods as those described for GDP. 
The compound contains 3 moles of phosphate, of which 2 are acid-labile, 
per mole of guanosine (Table I). The identity of guanosine is based on 
the absorption spectra at pH 2 and 12. The free base produced by pro- 
longed acid hydroh'sis was identified b}' paper chromatograph}' as de- 
scribed prenousl}'. Although this guanosine nucleotide does not replace 
GDP in the phosphorj'lation reaction (Equation 2) when measured by 
coupled DPN reduction in the KG deh3''drogenase S5'stem (Equation 1), 
it can act as the cofactor for the over-all coupled phosphor3'lation of ADP 
(coupling of Equations 1 , 2, and 4). The first step in this series of reactions 
is transphosphorvlation with ADP, whereby GDP is liberated (Equation 4) 
( 2 ). 

Furthermore, s3’nthesis of succin}'! CoA from succinate and CoA occurs 
in the presence of this guanosine nucleotide and the GDP phosphor5dation 
enz3’-me. ATP is not required, nor is the nucleoside diphosphokinase (2) 
necessar}'. Data demonstrating this s3'nthesis have been presented pre- 
viousl}' (2). These obseiA'ations strong^ suggest that the compound is 
GTP. 

DISCUSSION 

Guanosine nucleotides have been recognized independent!}' in several 
laboratories during the anal3'sis of acid-soluble nucleotides from different 
tissues. Our isolation, on the other hand, was initiated b}' the recognition 
of a new cofactor (2), GTP was reported to occur in commercial samples 
of ATP (20). The presence of guanosine mono-, di-, and triphosphates in 
animal tissues was clearl}' demonstrated b}' Hurlbert el al. (7). Strominger 
(21) has reported on the occurrence of GDP in the hen oi'iduct. Besides 
these compounds, there occurs in 3'east another nucleotide, guanosine di- 
phosphomannose (22), the function of which is 3'et unknown. The GDP 
isolated b}' us does not contain an}' reducing sugar. The liberation of 1 
mole of phosphate by the action of NPPase or NDPase, as well as the pres- 
ence of a secondary phosphate hydroxyl (pK 6.4), excludes mannose from 
our preparation. Also, the guanosine content of the samples was too high 
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to be consistent ^vith the molecular weight of GDP-inannose. Further- 
more, the active nucleotide (GDP) can be synthesized enzymatically from 
G-5'-P and ATP by transphosphorylation, wliich again excludes the pres- 
ence of mannose. 

The barium nucleotide fraction (Fraction 1, Diagram 1) precipitated at 
pH 6.6 is a good source of man 3 ’’ nucleotides. Uridine, C 3 didine, and 
th 3 miidine nucleotides have been recognized b 3 ’’ their characteristic A 280 /- 
Aooo ratios in the eluates from Dowex 1 columns. By selecting the con- 
ditions carefull 3 '’, it should be possible to’ recover any of these nucleotides 
from the chromatogram. In one experiment UTP Avas obtained in ap- 
proximately the same 3 ’-ield as GTP (Fig. 3). 

Materials and Methods 

Some of the methods and sources of materials used in this study have 
been described previously (2). Guanine and guanosine were obtained 
from the Schwarz Laboratories, Inc. 

Paper chromatography (ascending) was carried out on ^^Tiatman No. 4 
paper, 45 cm, X 30 cm,, in battery jars at room temperature. Reference 
compounds Avere chromatographed on the same paper Avhenever identifi- 
cation of a compound Avas the aim. Absorption spectra of the nucleotides 
Avere measured in the Cary spectrophotometer. For other absorption 
measurements the Beckman DU or DUR spectrophotometer was used. 

KG dehydrogenase, GDP phosphorylation enzyme, and nucleoside di- 
phosphokinase were prepared as described previously (2). Other methods 
are discussed in the text. 


SUMMARY 

The cofactor Avhich is necessary for the phosphorylation of ADP coupled 
to the breakdown of succinyi CoA has been isolated from yeast and identi- 
fied as GDP. The method of isolation includes recoAmry of GTP as aa^cH 
as of CoA. The possibility of isolation of a large number of other nucleo- 
tides from the DoAA’-ex 1 chromatogram is indicated. 

It is a pleasure to acknoAvledge the interest and support of Dr. David E. 
Green and the competent technical assistance of Miss Marion Bolton ni 
this Avork. 
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IMANNOSE ISOMERASE OF PSEUDO^IONAS SACCHAROPHILA* 

By NORBERTO J. PALLERONIf and MICHAEL DOUDOROFF 
(From ihc Dcparlmcnt of Bacteriology, University of California, Berkeley, California) 

(Received for publication, June 21, 1955) 

In tlie past fe\\' years, several enzymes liave been discovered which 
catalyze the aldosc-ketose isomerization of free sugars (1-4). In the 
course of studies on the metabolism of fructose in Pseudomonas saccharo- 
phila, a new cnzjmic which interconverts fioictose and mannose has been 
found. This cnz 3 ’me, named "mannose isomerase,” is of interest not only 
because it is the first isomerase with a high affinity for free hexoses, but 
also because it appears almost invariablj'’ in mutant strains of P. saccharo- 
pJiila which are capable of growing with fructose as substrate (5). The 
parent strain, which cannot utilize free fructose, does not produce the 
enzyme when gronm with sucrose as carbon source, even when free fructose 
is added to the medium. The present report deals with the properties of 
the enz 3 ’me obtained from an “F” strain, which is characterized by being 
able to grow with sucrose or fructose but not with glucose as substrate. 

Methods 

P. saccharophila, strain F-l, was grown at 30° with constant agitation 
on a rotary shaker in a medium containing 0.033 m KHoPO^-NaoHPO^ 
buffer at pH 6.8, 0.05 per cent magnesium sulfate, 0.1 per cent ammonium 
chloride, 0.01 per cent ferric ammonium citrate, 0.001 per cent calcium 
chloride, and 0.25 per cent fructose. The cells were harvested by centrifu- 
gation, washed twice ndth Avater, and stored as a paste at —20°. 

Cell-free extracts were prepared by sonic disintegration of a 20 per 
cent (weight per volume) suspension of the cells in 0.1 Ji Tris-HCh or 
Tris-H 2 S 04 buffer containing 0.01 ii glutathione, at pH 7.4, in a Raytheon 
magnetostrictor of 9 kc. for 20 minutes. The unbroken cells and particu- 
late d6bris were remoA’-ed b 3 ’' centrifugation at 22,000 X g for 30 minutes. 

Reducing sugars were determined by the method of Schales and Schales 
(6). Fructose AA-as estimated according to Roc (7). Other ketoses were 

* This work was supported in part by a grant from the National Science Founda- 
tion. 

t Fellow of the John Simon Guggenheim Memorial Foundation. Permanent 
address, Institute of Microbiology, University of Cuj’o, Mendoza, Argentina. 

'The following abbreviations are used: SAS, ammonium sulfate saturated at 0° 
and neutralized with NHjOH; Tris, tristhj'droxjTnethyllaminomethane (molarity of 
Tris buffers expressed in terms of Tris); EDTA, ethylenediaminetetraacetic acid 
(Versene) adjusted to pH 7.4 with H 5 S 04 . 
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measured with (he eysteiiie-carbazolc reaction of Disclie and Borenfreund 
(S). X 3 ''iulo.sc was determined after 60 minutes incubation with the 
cj^steine-carbaxole reagents bj^ comparison with known standards. (0.01 
jumole gave a reading of 17.5 with a No. 54 filter in tlie Klett colorimeter.) 
Mannose-6-phosphalc was prepared hy the phosphoiylation of mannose 
with adenosine triphosphate and jmast hexokinase. The “water-soluble, 
alcohol-insoluble” barium salts from .such preparations contained less than 
7 per cent of glucose and fmetose esters. Aldoses were determined by 
the method of Willstiitter and Schudcl (9). Proteui was mea.sured b}^ the 
method of Weichselbaum (10). 

D-Xylulose, sedoheptulose, and fructose uniforml}’’ labeled with C“ 
were obtained from li)r. W. Z. Hassid and Dr. E. AV. Putman. A sample 
oi o-nitrophcn 3 dh 3 '’drazone of ribo.se was kindl}" supplied b}'^ Dr. S. S. 
Cohen. n-Mannoheptulose and u-glueoheptulosc were gifts of Dr. A. C. 
Neish. u-Rhamnose was kindl}'’ .sjmthcsized b}'' Dr. C. E. Ballou. All 
other compounds were commercial preparations. 

EXPERIMENTAL 

Inter con version of Frnctose and Maimose 

AAOien crude or partiallj’’ purified enzj'-me preparations of fnictose-grown 
cells of the F-1 strain of P. saccharophila were incubated with fi'uctose, a 
partial disappearance of ketose as measured b}-- the Roe test was ob- 
served. This disappearance was not accompanied a decrease in re- 
ducing sugar either before or after treatment with zinc sulfate and barium 
h 3 '’droxide. The crude enzyme Avas incubated Avith fructose-C^'^, and the 
reaction mixture Avas deproteinized by boiling and chromatographed on 
paper. On chromatograms deAmloped AAuth butanol-acetic acid-AAmter 
(4:1:5), a single spot, identical AAuth that for fimctose and mannose, could 
be found by treatment Avith p-anisidine-HCl or b}'- radioautograph 3 L On 
chromatograms deAmloped AAdth phenol, a single neAV spot in addition to 
that correspondmg to fructose Avas located by both methods. The Pf of 
this spot corresponded closely to that of mannose. These obseiwations 
suggested that mannose and no other compound aa'us produced from fruc- 
tose under the conditions of the experiment. 

Further identification of mannose as the product of the reaction was 
based on the formation of an insoluble phenylh 3 ''drazone of this compound 
at room temperature. A mixture containing 40 ml. of 20 per cent cell-frcc 
preparation, 6 mmoles of fmetose, 5 mmoles of MgCh, and 2 mmoles of 
Tris buffer, pH 7.4, in a total Amlume of 72 ml. Avas incubated for 30 min- 
utes at 30° and deproteinized b 3 ’’ boiling. The liquid A\'as passed through 
cation and anion exchange resins (10 ml. each of Doavcx 50 in the ID 
form and Duolite A-2 in the OH" form). The final Amlume Avas 87 ml. 
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50 ml. were concentrated by evaporation in vacuo to 10 ml. and treated 
with 10 ml. of filtered reagent containing 1 gm. of pheny]h 5 'drazine hydro- 
chloride, 1.5 gm. of sodium acetate trihj-drate, and a drop of saturated 
sodium bisulfite. After 30 minutes at room temperature a crj-stalline 
precipitate was obtained. Tliis was recrystallized several times from 
hot 30 per cent ethanol and identified as mannose pheiudhydrazone by 
determining its melting point Avith the Fisher-Jolms apparatus. Tlie 
phenj'lhydrazone prepared from the reaction mixture and from pure 
mannose, as well as a mixture of the two, melted between 199° and 200°. 

Additional eAddence for the formation of an aldose sugar from fructose 
was obtained from the reduction of hj-poiodite by the incubated mixtures. 

The mterconr-ersion of fructose and mannose was finalh' established by 
incubating enzj-me preparations ndth D-mannose. A rapid appearance of 
fructose as measured vdth the Roe reaction was obser\’ed. No formation 
of fructose from glucose could be detected. 

With partiallj’' purified enzj-me, the isomerization of mannose and 
fructose was studied, starting ndth either sugar as substrate. Fructose 
was measured with the Roe reaction. At equilibrium, in 0.1 m Tris-HCl 
buffer at pH 7.4 and 30°, fructose was found to constitute approximately 
71 per cent of the total sugar. 

Partial Purification of Enzyme 

Partial purification of the isomerase was achieved by ammonium sulfate 
fractionation of the crude extracts after removal of nucleic acids with 
protamine. For some experiments, a further purification by adsorption 
and elution with calcium phosphate gel was used. An arbitrary unit of 
enzAune actiAity was established as that amount of enzjme which causes 
the conA'ersion of 1 ^mole of mannose to fructose in GO minutes at 30° in 
0.1 M Tris-HCl buffer at pH 7.4 in the presence of 0.1 m KCl, 0.01 Ji glu- 
tathione, and 0.1 Ai mannose. Specific actiAit}* was e.xpressed as units of 
enzjme per mg. of protein. A tj-pical procedure of purification is de- 
scribed below. 

40 ml. of crude enzjme representing an extract of 8 gm. of cells (wet 
Aveight) in 0.1 m Tris-H?S04 buffer, pH 7.4, containmg 0.01 n glutathione, 
were used (total acthity, 43,200 units; specific actiAity, 47.5). 13.3 ml. of 
SAS AA-ere added, and after 10 minutes the precipitate was removed bA- 
centrifugation and discarded. 106.7 ml. of SAS were added to the super- 
natant fluid. After 10 minutes the precipitate w'as collected and redis- 
soh-ed in 40 ml. of 0.1 si Tris-HCl buffer at pH 7.4 containing 10“’ m 
EDTA. The solution A\-as dialj'zed for 60 minutes against demineralized 
Avater. 8 ml. of 2 per cent protamine sulfate solution adjusted to pH 5.0 
AAith acetic acid AA'cre slowly added AAith stirring. After 10 minutes, the 



53S 


MANNOSE ISOMEUASK OE P. SACX'HAKOPHILA 


precipilalc was rcniovcclj and llic supernatant fluid was dialyzed against 
10~^ M EDTA for 2 hours. Tlic precipitate was again discarded. To the 
supernatant solution (62.5 ml.) were added 15.6 ml. of 0.2 m Tris-HCl 
Imffcr, pli 7.4, containing 10 ~’ m EDTA and 234 ml. of SAS, After 10 
minutes the suspension was centrifuged, and the .supernatant solution was 
discarded. Tlie precipitate was suspended in 10 ml. of 0.2 m Tris-HCl 
buffer, pH 7.4, containing 10“’ m EDTA, and dialyzed for 2 hours against 
0.1 jr Tris-HCl-EDTA. The precipitate dissolved during dialysis. The 
solution (30 ml.) w'as treated with 10 ml. of SAS, After 10 minutes the 
precipitate was removed by centrifugation and discarded. 20 ml. of SAS 
\vere added to the supernatant fluid, and, after 10 minutes, the precipitate 
wxs collected, redissolved in 4 ml. of 0,1 Tris-HCl buffer, pH 7.4, and 
dialyzed o\'-crnight against 10~’ u phosphate buffer, pH 6.0, containing 
10~^ M EDTA. The precipitate was removed, and the solution was 
diluted wdth demineralized w^ater to contain approximately 10 mg. of 
protein per ml. (volume, 8.4 ml.; total acti^^ty, 18,500 units; specific 
activity, 218). 

6.3 ml. of aged calcium phosphate gel suspension containing a total of 
101.4 mg. of Ca3(P04)2 were added slowdy with stirring. After 10 minutes 
at 0° the gel •was removed by centrifugation, and 7 ml. of gel suspension 
(containing 112.6 mg. of Ca 3 (P 04 ) 2 ) were added to the supernatant solution. 
After 10 minutes at 0° the gel was collected by centrifugation and eluted 
with two successive 8 ml. portions of 0.05 m phosphate buffer, pH 7.4, con- 
taining 0.1 M NaCI. After centrifugation, the eluates were pooled (total 
volume, 16 ml.; total activity, 6,000 units; specific actmty, 523). 

For most of the experiments to be reported, only ammonium sulfate 
fractionation was employed. This generally gave a 4- to 6-fold purifica- 
tion and 40 to 70 per cent recovery of the enz 3 ane. 

General Properties of Enzyme 

No requirement for a heat-stable dissociable cofactor or metal could be 
demonstrated for the enz^TOatic activity. Enzyme preparations dialyzed 
against EDTA or treated "with activated charcoal did not show any in- 
creased rate of mannose isomerization on the addition of K+, Na+, Mg^, 
Mn"^, Ca++, Fe++, Zn++, or Co++, of adenylic acid, adenosine triphosphate, 
or uridine triphosphate or of boiled crude or partially purified enzyme 
extracts. 

The enzyme w^as readily inactivated by heavy metals, such as mercuiy, 
zinc, or nickel. 50 per cent inhibition of isomerase activity was achieved 
by incubation for 30 minutes -with 7.5 X 10"® m p-chloromercuribenzoate. 
The inhibition wxs complete!}’- reversed by the subsequent addition of 
glutathione. Longer treatment -ndth heavy metals inactivated the isom- 



N. J. rAliliERONI AND M. DOUDOROFF 


539 


erase irreversibl3\ Incubation ferric3'anide but not wth ferroc3'anide 
also destro3'ed the acti\'it3' graduall3'. 5 X 10 ~* M iodoacetate did not 
inhibit the enz3'me. 

When fractionation of the isonierasc was carried out in Tris-HpSO^ 
buffers in the absence of EDl'A or glutathione, it was found that the 
addition of these compounds or of C3'steine had a strong activating effect. 
This suggested that partial poisoning with heav3' metals occurred during 
the purification. 

In earl3' e.vperiments it became apparent that various anions had differ- 
ent effects on the activit3' of enz3'me preparations which were fractionated 
and dial3'zed in the absence of EDTA or glutathione. ViTien enz3’me was 
prepared in dilute Tris-H;S04 buffer, the addition of small amounts of P3T0- 
phosphate, chloride, bromide, nitrate, formate, or oxalate had an activat- 
ing effect which varied in intensit3’' with different batches of en- 
z3Tne. Phosphate, citrate, and C3’-anide were generall3^ slightl3’' less effec- 
tive as activators, while fluoride, thiosulfate, thioc3’anate, acetate, lactate, 
and persulfate either had no effect or were somewhat inhibitor3'. Enz3Tne 
preparations acti\"ated b3’ EDTA or glutathione were usuall3' not further 
activated b3' chloride. The nature of the cations added together with the 
anions did not modif3’’ the results significantl3'. Xo activation was ob- 
sen’ed rvith a,a'-dip3Tid3i. The effect of se\'eral selected agents on the 
rate of mannose isomerization is illustrated in Table I. 

When glycylgb'-cine buffers were used, no activation b3’- glutathione, 
chloride, or EDTA was obser\'ed. Gl3’’cylgl3’cine is a good chelating agent 
for heav3' metals. 

The obsen^ations suggested that the enz3Tne, when prepared without 
special precautions, ma3'' have been partially inactive, owing to poisoning 
with heavy metals. This riew was supported b3'' the obsen'ation that the 
activit3’- of the 61123^10 in the absence of chloride could be increased b3" di- 
al3''sis against EDTA, followed b3’^ dial3^sis against Tiis-H2S04 buffer to re- 
move the chelating agent. The activating effect of both chloride and 
EDTA was greatl3" diminished b3’' this treatment (see Table II, Enz3Tnes 
A and B). 

Except for the strong activating effect of nitrate ion, which is not gen- 
erally considered to be a good metal binder, and the lack of activation b3' 
dip3’Tid3'’l, the observations on the effects of anions are compatible with the 
h3'pothesis that some sensitive sites of the enzvmie are released b3^ the par- 
tial combination of the active anions with heavw metals bound to the pro- 
tein. An attempt to test this h3TJothesis was made b3^ treating the enzvTne 
with zinc. WTien a large fraction of the enz3Tne had been irreversibl3’ in- 
activated by incubation with the heav3’- metal and the excess of zinc was 
removed by diab^sis, the activating effect of chloride disappeared, while 
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Effects of Various Ions on iifannosc Isomcrasc 


E\pcrimcnt No, 

Suifntc in 'rri-;- 
HjSO. butler, pII 
7.‘1, ns /imolcs per 
ml. fiiml reaction 
mixture 

Ailililions, ;imoi« per ml. fin.il reaction mixture 

Rate, per cent 
of control 
without 
additions 

1 

2 

25 Tris-II:S04* 

102 



25 Tris-IICl 

140 



25 Tris-IJNOj 

144 



25 Tris-formic 

137 

2 

2 

10 K.SO 4 

78 



10 KCl 

168 



10 KBr 

148 



10 KF 

106 



10 “ + 10 KCl 

150 



10 KNO 3 

159 



10 K.HP04-KH:P04 

132 

3 

1 

1.5 KCl 

156 



3.0 “ 

222 



12 KCi 

212 



5 NaCl 

212 

4 

1 

12.5 KCl 

300 



2.5 glutathione-K 

530 



2.5 “ -f 12.5 KCl 

560 



0.5 EDTA 

510 



0.5 “ + 12.5 KCl 

550 

5 

10 

25 NaCl 

200 



1 EDTA 

222 



1 “ -f 25 NaCl 

222 



5 glutathione-Na 

244 



5 ” -1-25 NaCl 

254 

6 

10 

25 NaCl 

! 270 



25 NazSOi 

100 



25 NaCI04 

33 



25 “ -f 25 NaCl 

207 



i 25 KCNS 

47 

1 

1 


25 NaeSaOs 

84 



25 Na acetate 

110 



25 “ oxalate 

150 



25 “ lactate 

116 



25 “ citrate 

186 



1 EDTA 

ISO 



1 dipyridyl 

90 



0.1 cysteine 

236 


Different samples of mannose isomerase prepared in Tris-HsSOi buffer without 
chelating agents were used in these experiments. The initial rate of fructose produc- 
tion at 30° from 0.1 m mannose was measured in the presence and absence of various 


added compounds. rr - .v 

Concentrations expressed as Tris (added as Tris buffers at pll tA). Appro. 

mately 0.8 equivalent of acid is used for each mole of Tris. 

510 
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that of EDTA became rclativelj’ greater (see Table II, Enz 3 'me C). This 
maj' have been due to the complete saturation of certain sensitive sites with 
the heavj' metal, so (hat tho 3 ' could no longer be released by the partial 
binding of the metal to chloride. Altci-nativel}’-, .sulfhydrjd groups maj- 
have become oxidized as a result of the treatment. 

Borate buffere decreased the rate of isomerization, probablj^ as a result 
of the formation of sugar-borate complexes. As will be shomi later, the 


Table II 

Rale of Fructose Formation from 0.1 m Mannose 


Additions per ml. 

! /imoles per hr. per tnL original EnzjTne A 

1 Enzyme A 

EnzjTne B 

EnzjTne C 

None 



70 

25 ;jmoles NaCl 



70 

1 iimole EDTA 

Hi 


260 



Enzjrme A, a mannose isomerase preparation dialyzed for 26 hours against 0.1 it 
Tris-H;SO< buffer, pH 7.4; Enzjme B, the same preparation further dialyzed against 
0.1 M Tris-H;S04 buffer, pH 7.4, containing 1 X 10~^ m EDTA for 15 hours and re- 
dialyzed against the same buffer without EDTA for 24 hours; EnzjTue C, EnzjTne 
A treated uith 1 X 10~‘ m ZnCh for 30 minutes at room temperature and dialyzed for 
8 hours against 0.02 ir Tris-H“SOi buffer, pH 7.4. In all cases the enzjTne was diluted 
with Tris-H 2 SO< buffer, pH 7.4, so as to contain lO/jmoles of H:SO< per ml. in the final 
reaction mixture. Equal volumes of enz 3 'me and the solutions of various added 
compounds were incubated for 10 minutes, after which the substrate was added in a 
volume equal to twice the original volume of enzjTne, to give a final concentration of 
0.1 M mannose. The preparations were incubated for 30 minutes at 30°. The rates 
are computed to correspond to the original dialj-zed Enzjune A. 

equilibrium of the catalj^zed reactions is stronglj^ displaced in favor of the 
ketose sugar when borate is present. 

The pH optimum for isomerase activity' was found to be approximately’^ 
7.5 both in Tris-HCl and phosphate buffers. A pH-activity cun^e was ob- 
tained with solutions containing 0.025 m sodium pyTophosphate, 0.05 ir 
disodium phosphate, and 0.025 M sodium chloride and adjusted to various 
pH values with phosphoric acid. The maximal rate was at pH 7.5, and the 
activity decreased to about 75 per cent of the maximum at pH 6.9 and 8.6. 
At pH 6.0 the acthdtj’ was about 8 per cent of the maximum. 

Glucose had a slight inhibitory’- action on the reaction. When 0.1 ii 
mannose was used as substrate, a 45 per cent depression of the rate of iso- 
merization was effected by 0.25 xi glucose. Mannitol and ribose had prac- 
tically no inhibitory effect. 
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Specificity of Mannose Isomcrase 

It has already been sliown that glucose is neither a substrate nor a prod- 
uct of the action of mannose isomerase. A further study with a variety of 
substrates established that the enz 3 ’-me is highl)" specific with regard to the 
structural configuration of its substrates. The following methods were 
used to detect transformations of the various aldoses and ketoses tested: 
(1) the quantitatiA^e measurement of the appearance or disappearance of 
ketohexoses by the method of Roe; (2) chromatography to detect new sug- 
ars produced during incubation ; and (3) the C3’'steine-carbazole reaction for 
keto sugars. 

The results are summarized in Table III. The sugars tested as sub- 
strates are enumerated in the left-hand column. In those cases in which 
an isomerization was detected, the cataR’-zed reaction is shown in the mid- 
dle column. In the right-hand column are listed those aldose sugars Avhich 
are apparently not substrates for the enz 3 '-me. This list includes the aldoses 
Avhich Avere tested Avith negative results as aa'cH as those AA'hich could haA^e 
been products of isomerization of those ketose sugars AA^hich AA’-ere found 
to be inert experimentally. The sugars AA^hich are stmcturally related b 3 " 
having a common ketose isomer are grouped together b 3 ’' braces. 

No isomerization of mannose-6-phosphate AA'as detected AA'ith either puri- 
fied or crude enzyme preparations. Reaction mixtures AAuth this ester did 
not shoAV the formation of either fructose-6-phosphate or glucose-6-phos- 
phate AA^hen tested for the Roe reaction or for the reduction of triphospho- 
pyridine nucleotide AAUth Zwisclienjermeni. Phosphoglucose isomerase ac- 
tivity, hoAvever, Avas present in all preparations of mannose isomerase. 
This could be demonstrated both by the disappearance of fructose-6-phos- 
phate and by the appearance of glucose-6-phosphate AA^hen the former 
compound A\'as used as substrate. 

In vieAv of the specificity of the mannose isomerase towards free sugars 
and its inability to isomerize mannose-6-phosphate, it appeared unlikely 
that the same enzyme Avould cause the interconversion of the phosphate 
(‘sters of glucose and fructose. Further proof of the non-identit 3 ^ of the 
phosphoglucose isomerase and mannose isomerase Avas obtained by com- 
paring the rates of the catalyzed reactions in Amrious preparations of the 
isomerase. An arbitrary unit of phosphoglucose isomerase actiAat 3 " Avas 
established as that amount of enz 3 Tne catalyzing the disappearance of 1 
/umole of fractose-G-phosphate per hour at 30° in 0.1 nr Tris-HCl buffer, pH 
7.4, containing 10~^ M MgCb. In a crude preparation, the ratio of isomerase 
to phosphohexoisomerase AA'as found to be 1.7. In Aa'C different ammonium 
sulfate fractions of the same extract the ratio AA'as 2.1, 1.4, 6.5, 10.3, and 
9 5, respectively, Avhile for tAA’o different phosphate gel eluates the ratios aa'ci'c 
3 2 and 1.2. The isomerase preparations of highest specific actiAuty AA'ere not 
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the purest with regard to phosphohexoisomerasc. Still further evidence 
that difforcnt enzymes are responsible for the isomerization of fructose and 
fnietose phosphate was the fact that with the latter substrate neither gluta- 


Table III 

Spccificitfj of Mannose Isomcrasc 


Subslnilcs tcslcd | 

Reac- 

tion 

Indicated reaction ^ 

1 

Aldoses excluded as substrates or 
products 

D-Xylulose' 


+ 

D-LJ’XOSC ^ D-XJ-lu- j 





lose j 


D-L^•xose 



1 


D-Xvlose 


— 


D -Xylose 

D-.Arabinose 


— 


fn-Arabinose 

D-Ribose 

/ 

— 


p-Eibose 

L-Xylose 


— 


L-Xylose 

L-Arabinose 

— 


L-Arabinose 

D-Fructose^ 



D -Mannose 





D-fructose 


D -Mannose 





D-Glucose 


— 

! 

n-Glucose 

n-Tagatose 

\ 

— 

1 

f n-Talose 

n-Galactosf 


— 


p-Galactose 

L-Sorbose 


— 


fn-Idose 

p-Gulose 

L-Fructose 


1 


Il-GIucosb 

[L-Mannose 

n-Ebamnose 

+ 

n-Ehamnose 





D-rhamnulose 


L-Ehamnose 

— 


1 L-Ehamnose 

n-Mannuronic acid 

~ 


1 n-Mannnronic acid 

D-Mannose-6-phos- 



' n-Mannose-G-phosphate 

phate 





Sedoheptulose (n-altro- 

-f 

(?)D-GIycero-D-man- 


heptidose) 

I 

noheptose ^ sedo- 

( 




heptulose 

j 

n-MannobeptuIose 

— 


ifn-Gh-cero-n-galaheptose 





p-Glycero-n-taloheptose 

L-Glucoheptulose 

— 


r L-Glj'cero-L-idoheptose 





[L-Glycero-L-guloheptose 


thione nor EDTA increased the rate of reaction in preparations of mannose 
isomerase which were activated by these agents. 

Reaction vntli D-Lyxose, D-Rhamnose, and v-Sedohepiidose 

The interconversion of lyxose and .xylulose was studied, starting with 
either sugar as substrate. Xylulose was measured with the cysteine-car- 
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bazole reaction. The initial rate of lyxose disappearance was found to be 
about one-ninth tliat of inannose disappearance A\4ien these substrates were 
supplied in a concentration of 0.05 ar. At equilibrium the ketose isomer 
was found to constitute approximately 28.3 per cent of the total pentose. 

In agreement with the observations of Cohen (1), it was found that the 
equilibrium between aldose and ketose is stronglj’’ displaced in favor of the 
lat.ter in the presence of borate. Thus, in 0.025 m pyroborate-HCl buffer 
at pH 8.0, approximate!}'" 48 per cent of a 0.1 m solution of lyxose was con- 
verted to xylulose. 

The formation of a ketose sugar from n-rhamnose could be demonstrated 
easily with the e3'-steine-carbazole reaction. Attempts to separate chro- 
matographically the presumed product of isomerization, O-deoxy-n-fioictose 
(n-rhamnulose), from n-rhamnose were unsuccessful when either phenol, 
butanol-acetic acid-water, or butanol-pyridine-water-benzene mixtures 
were used as solvents. Although some evidence was obtained that the 
product of isomerization was less susceptible to bromine oxidation than 
rhamnose, no quantitative assay for it could be based on the reduction of 
either bromine or hypoiodite. Since no reports on the preparation and 
properties of n-rhamnulose could be found in the literature, it was necessary 
to establish that the ketose formed in the reaction was actually 6-deoxy- 
n-fmetose and to obtain a reference standard for the quantitative estima- 
tion of the sugar. 

The preparation of a syrup containing approximately 55 per cent n-rham- 
nulose was eventually accomplished, and a crystalline disaccharide deriva- 
tive of this sugar, n-glucosido-6-deoxy-n-fructoside, was subsequently ob- 
tained by the use of sucrose phosphorylase from P. saccharophila. The 
method of preparation and the properties of these new carbohydrates will 
be described in a separate communication. The structure of the ketose 
was established by the preparation of the phenylosazone, which was shown 
to be identical with rhamnosazone. The reducing value of n-rhamnulose 
for ferricyanide (6) was 102 per cent of an equimolar amount of glucose. 
The cysteine-carbazole reaction gave a value of 36.2 IHett units per 0.01 
ptinole of rhamnulose after 2 hours at I'oom temperature, nith the No. 54 
filter. (0.01 ^mole of o-nitrophenylhydrazone of ribulose gave a A'alue oi 
22.3 under identical conditions.) With a standard available for the cys- 
teine-carbazole reaction, it became possible to evaluate the data obtained 
in experiments in which rhamnose Avas used as substrate for the isomerase. 
It could be calculated that the rate of rhamnulose formation fj’om 0.05 a? 
rhamnose was about one-fourteenth of the rate of fiuctose formation from 
mannose under the same conditions. At equilibrium, appro.ximately 3/ 
per cent of the total sugar was present as the ketose. The addition of 
borate buffer at pH 8.0 was found to displace the equilibrium strongly in 
favor of the ketose, although the rate of conversion was slightly depressed. 
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The formation of an alcloheptosc from sedoheptulose was demonstrated 
by the appearance of a new spot on chromatograms of reaction mixtures 
containing this sugar and the isomerasc with butanol-acetic acid-water 
(4:1:5) as solvent. The new sugar had an /?;• value slightly lower than 
that of scdohcj)tulosc. In addition, a small but significant increase in 
the h^'poioditc retluction was observed after incubation of sedoheptulose 
until the enz3'mc. The quantit}' of aldo.se formed appeared to be relative!}' 
small, and the sugar was not identified. B\' analog}' to the other reactions 
catalyzed by the isomerasc, it .seems reasonable to assume that the sugar 
is D-glyccro-D-mannohepto.se, rather than the other possible aldose dez'iva- 
tive, D-glycoro'D-glucoheptosc. 


DISCUSSION 

An analysis of the structure of the various compounds which can or can- 
not be attacked by the mannose isomerasc re\'cals a rather rigid require- 
ment of the enz}'me for the structural configuration of the first 5 carbon 
atoms of the substrates. A generalized version of the reaction is illustrated. 

O 



H H OH H 

Aldose Ketose 

In these formulas, R can be any of the following radicals: — H (inD-l}-x- 
ose), — CHs (in D-rhamnose), — CH2OH (in D-mannose), — CHOH — CH2- 
OH (in sedoheptulose). However, apparently it cannot be either — COOH 
(in mannuronic acid) or a phosphorylated carbinol group, as in mannose-6- 
phosphate. The enz}'me differs from the xylose isomerasc, with which it 
shares a common substrate, x}'lulose, in the requirement that both the hy- 
droxyl groups of the 2nd and 3rd carbon atoms of the aldose derivative 
must be aboi'e the plane of the ring in the conventional formula. This 
t}'pe of structure in the aldose is also not acceptable for the phosphoglucose 
isomerases of yeast and of P. saccharophila or for the D-arabinose isomerasc 
of Escherichia coli. A phosphate group on the terminal carbon atom, which 
is not tolerated by the mannose isomerase, is required by the mammalian 
phosphomannose isomerase. 

The equilibrium constants found for the isomerization of mannose and 
h'xose, respectively, are of particular interest. The striking difference be- 
tween the reactions involving the two structurally similar sugars is that 
about 71 per cent of mannose is converted to fructose, while only 28 per 
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cent of the ]3ocose is isonierized io xylulose. One possible explanation of 
this discrepancj'- is that fructose probabl}'’ exists in solution in both the 
furanose and pja-anose forms, 'while x3dokelosc is restricted to the furanose 


TabiiU IV 

Equilibria in Isomcrasc Rcaclions 


Aldose 

1 

I 

Ketosc j 

(possibility 

of 

pyranose 

Relation 

C?! ! 

groups on | 

K 

C ketose 

Enryme* 


1 

1 

1 

structure 
of Icctosc 

C'jand 

Cj in 1 
aldose j 

C aldose 



Pentoses 


D-Arabinose 

j n-RibuIose 

No 

Trans 

1 

0.18 

Arabinose isomerase 
(1) 

D -Xylose 

D -Xylulose 



i 0.19 

X 3 ’’]ose isomerase (2) 

D-Lyxose 


tt 

Cis 

0.39 

Mannose isomerase 


Methylpentoses 


L-Fucose 

L-Fuculose 

No 

Trans 

0.14 (pH 
8.0) 

Arabinose isomerase 
(1) 

n-Rhamnose | 

D-Rhamnu- 

lose 

tt 

Cis 

0.58 

Mannose isomerase 


Hexose phosphates 


»-Glucose-6- 

1 

p-Fructose-G- | 

No 

Trans 

1 0.47 

Phosphoglucose iso- 

phosphate 

phosphate 




merase ((12) P- 






304) 

D-Mannose-6- | 

it K 

(C 

Cis 

1.50 

Phosphomannose iso- 

phosphate 





merase ((12) p. 299) 

Hexoses 

D -Mannose 

n-Fructose 

Yes 

Cis ! 

i 2.45 i 

i Mannose isomerase 


* The figures in parentheses refer to the bibliographj'. 

configuration. The aldoses are generally believed to favor strongly the 
pyranose structure, and it seems probable that it is this form of the aldose 
which is isomerized. Thus, the tAvo reactions may be Avritten as folloAA's.' 

(1) Mannopyranose fructofuranose fructopyranose 

(2) X 3 "lop 3 Tanose ^ x 3 'loketofuranosc 

Assummg the aldop3'Tanose-ketofuranose reactions to haA^e the same 
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equilibrium constants in both cases, one can calculate that approximately 
10 per cent of the total finctosc is in the furanose fomi. Gottschalk (11) 
on the basis of pln'siological experiments and polarimetric observations has 
estimated that approximatcli' 20 per cent of dissolved fmctose possesses 
the furanose stmcture at 20°. 

An interesting comparison can be made among several enzjTnatic reac- 
tions involving sugars with regard to the equilibrium between ketose and 
aldose isomers. In Table IV the available equilibrium constants {K — 
(C ketose)/(C aldose)) arc given, as well as some structural peculiarities of 
the substrates. It maj" be noted that in those cases in which the p3Tanose 
stiTicture of the ketose is impossible there is a definite correlation between 
the equilibrium constant and the configuration about the 2nd and 3rd car- 
bon atoms of the aldose isomer. Those aldoses which have the h3-drox3'-l 
groups in the trans position are favored over those having the cis configura- 
tion. Thus, less l3'xose than xylose is produced from x3'lulose, and less 
mannose-6-phosphate than glucose-6-phosphate is formed from fn.ictose-6- 
phosphate. The high value of the equilibrium constant for the isomeriza- 
tion of mannose-6-phosphate cannot be ascribed to the furanose-p3Tanose 
isomerization of the ketoses. It must be borne in mind, however, that ver3' 
little information is available on the occurrence of h3'drates and the various 
ring forms of the aldose sugars or their phosphate esters. E^^dence for the 
occurrence of both L-arabop3Tanose and L-arabofuranose ma3’' be adduced 
from the obseiwation that in aqueous solution arabinose can be o.xidized to 
S-arabonolactone with bromine (13) or to 7-arabonolactone with an arabi- 
nose deh3'drogenase from P. saccharophila (14). 

The authors ^ish to thank Dr. W. Z. Hassid, Dr. E. W. Putman, Dr. C. 
E. Ballou, Dr. S. S. Cohen, Dr. I. M. Klotz, and Dr. A. C. Neish for their 
A'aluable adrice and generous gifts of compounds used in these studies. 

STJXIMARY 

1. A new enz3’me, mannose isomerase, has been found in a fructose-utiliz- 
ing mutant strain of Pseudomonas saccharophila and has been partiall3’’ puri- 
fied. 

2. The enz3'TOe catal3'zes the interconversion of n-mannose and n-fruc- 
tose, n-l3'xose and D-x3dulose, and n-rhamnose and n-rhamnulose (G-deox3'- 
D-fructose). An aldose, presumabl3’- D-gl 3 'cero-D-mannoheptose, is pro- 
duced from sedoheptulose. 

3. The isomerase could not be shown to require an3^ organic cofactors or 
metallic ions tested or present in crude preparations. It was ver3- sensitive 
to poisoning with hea\y metals and slowly inactivated with ferric3'anide. 
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All activating effect of su]fh3’'clryl compounds, chelating agents, and certain 
anions was observed. The pH optimum was 7.5. 
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BIOSYlsTHESIS OF ^VFGINIKE FBOM aVNAA'ANINE AFTD 
ORNITHINE IN KIDNEY 


By JAMES B. WALIvER* 

{From the Biochemical Institute, The University of Texas, and the Clayton 

Foundation for Research, Austin, Texas) 

(Keccived for publication, June 27, 1955) 

Borsook and Dubnoff ( 1 , 2 ) and Bloch and Schoenheimer ( 3 ) have 
demonstrated that the amidinc moietj* of arginine is the precursor of the 
corresponding group of gl3'coc3'aminc; in mammals this reaction is carried 
out primaril3' ”1 the kidne3'. Fuld ( 4 ) has recentl3’' obsenmd that the 
arguunc-gl3'cine transamidination reaction is reversible. B3’' means of 
group transfer the lugh chemical potential of the amidine moiet5’’ is con- 
sen’-ed. Since other metabolites containing the guanidino group occur in 
nature, it is of interest to determine whether the3’’ also participate in trans- 
amidination reactions. One such compound that might be investigated is 
canavanine, a naturall3' occurring amino acid which possesses a terminal 
guanidinox3d group. 

In this paper data will be presented which show that in the presence of 
an en23Tne from hog kidne3' canavanine donates an amidine group to 
ornithine, with the formation of arginine and canaline. 

Materials — L-Canavanine sulfate, L-omithine dih3'drochloride, L-argi- 
nine monoh3'drochloride, and beef liver arginase were purchased from the 
Nutritional Biochemicals Corporation. Preliminaiy experiments were 
carried out with canavanine isolated from jack bean meal as the thrice 
recr3^stallized flavianate; canavanine was regenerated from the flavianate 
with barium hydroride. 

Analytical Methods — ^The ascending paper chromatographic procedure 
of Williams and Kirby was employed ( 5 , 6). Paper chromatograms were 
sprayed with ninh3'-drin to detect primary amino groups or alkaline ferri- 
cyanide-nitroprusside to detect guanidino groups (6). Since canavanine 
does not react significantly with the Sakaguchi reagent, arginine could be 
determined colorimetrically in the reaction mixture with this reagent. 
The modified procedure of Albanese and Frankston ( 7 ) was employed. 
The components were mixed at 5 °, and the optical densities at 540 my 
were read within 10 minutes with an Evel3Ti colorimeter. The stipulated 
h3'pochlorite concentration was met b3’' using commercial Clorox, diluted 
1 : 1 . 

* Present address. Department of Biochemistry, University of Wisconsin, Madi- 
son, Wisconsin. 
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Jfcsiills 

Since mammalian kidney was already known to contain an enzyme 
which catalyzes a reversible arginine-glycine transamidination reaction, it 
was logical that hog kidney should be the tissue first examined for actiwty 
in a canavanine-ornithine transamidination. The low arginase activity of 
mammalian kidnej'" was considered to be another favorable characteristic 
of this tissue, as far as interpretation of results was concerned. Although 
it Avas probable that such a transamidination, if it occurred, would be 
rcAmrsible, analytical considerations indicated that the reaction might be 
most coiweniently studied in the following direction: 

Nil 

HOOC— CH— CHa— CH=— -0— NH— C— NH. -f (D 

1 

NHa 

Canavanine 


HaN— CHa— CH CHa— CH— COOH ^ 

I 

NHa 

Ornithine 

HOOC— CH— CHa— CHa— 0— NHa + 

1 

NHa 

Canaline 


NH 

HaN— C— NH— CHa— CHa— CHa— CH— COOIl 

I 

Nlla 

Arginine 

With this postulated reaction under consideration, the search for an actit^e 
enzyme preparation was started. 

Enzyme Preparation — ^Acetone-dried hog kidney (8) Avas extracted for 2 
hours AAuth 0.05 M potassium phosphate buffer, pH 7.4, at 5°. Protein 
AAms precipitated by the dropAAuse addition of a saturated solution of 
ammonium sulfate to 60 per cent saturation. The precipitate AA-as re- 
dissohmd in 0.02 m buffer, and the solution AAms added dropAvise AA'ith 
stirring to 50 volumes of cold acetone. The precipitate aa'us collected by 
suction filtration, A\mshed Avith acetone, and the acetone removed in vacuo. 
It AA'as found by paper chromatographic analysis, and confirmed by the 
Sakaguchi test for arginine, that this preparation catalj^zed the reaction 



j. n. AVALKHn 


551 


as postulated above. In an attempt- to concentrate the activity, the 
acetone powder was dissolved in 0.05 m phosphate buffer, pH 7.0, and 
refractionated with ammonium sulfate. A clean fractionation of the 
cnzjTnatic acti\'ity was not achieved in this manner, but the fraction 
precipitating between 30 and 40 per cent saturation had Ihe highest 
specific acth-ity. Dialysis of tliis fraction for 24 hours at 3-5° against 
three changes of 400 volumes of 0.01 it phosphate buffer, pH 7.0, resulted 
in a gain, rather than a loss, in actint}'. Similarly, the addition of the 
chelating agent ethylenediaminetetraacetate increased the actmty slightly. 
Consequently subsequent dialyses were carried out against buffer plus 
ethylenediaminetetraacetate. After diah'-sis, an acetone powder of the 
30 to 40 per cent fraction was prepared and stored in the cold. 

Rcaciion Characierislics — ^Actiwt}’’ of the dialj'zed preparations was not 
enhanced bj’’ the addition of C 3 ^steine, magnesium, manganese, or concen- 
trates of liver or 3 Tast coenz 3 Tnes (Sigma). The reaction proceeds at a 
significant rate between pH 6.2 and 8.2, with an optimum at pH 7.2 under 
the conditions emplo 3 '’ed. 

The effect on the reaction of omitting one of the components is shown 
in Table I. It can be seen that the reaction does not proceed unless all 
components are present. If the enzyme is inactivated by heating the 
reaction mixture for 5 minutes at 100°, no arginine is formed upon subse- 
quent incubation. L 3 ’’sine will not substitute for ornithine in this reac- 
tion; the results obtained with gl 3 'cine will be discussed later. Although 
the reaction products could be detected after 2 hours incubation at room 
temperature, in this experiment the reaction mixtures were incubated for 
43 hours, 11 hours after the arginine concentration had reached its maxi- 
mal value in Reaction IMixture 1. This value represents a 42 per cent 
conversion of ornithine into arginine. In Reaction Mixture 5, in which 
the canavardne concentration was doubled, the conversion was increased 
to 67 per cent. Whether the arginine concentration obtained in Reaction 
Mixture 1 represents the equilibrium value under these conditions will not 
be known until a more pmified enz 3 Tne preparation is avaUable. 

Identification of Reaction Products — The fact that the reaction product 
which gives a red color with the Sakaguchi reagent is indeed arginine was 
confirmed b 3 ^ paper chromatography, in which either a ninhydrin spra 3 - 
was emplo 3 ’-ed for the primary amino group or an alkaline ferricyanide- 
nitropnisside spray to detect the guanidino moiety (6). For this purpose 
the most satisfactory solvent S3^5tem was water-saturated phenol, with an 
ammonia atmosphere. Arginine spots were obtained only from those 
reaction mi.xtures in which all components were present. Additional 
confirmation was furnished by microbiological assays for arginine with 
L. mesenteroides P-60 (Table I). This organism was chosen because it 
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responds to arginine and not to ornithine or citrulline (9), since it lacks 
the enz 5 '-ine argininosnccinase (10). Of particular importance for the 
purpose of this assay is t he fact that the growth of this organism is not 
affected by canavaninc (9). Consequently in a reaction mixture which 
contains canavaninc, ornithine, canalinc, and arginine, L. mesmteroides 

Tahi.k I 

Results of Colorimetric and Microbiological Assays for Arginine Formation 
Each tube contained 15 mg, of an acetone powder of a diaij’zed, 30 to 40 per cent 
ammonium sulfate fraction of kidney extract as the enzyme source, plus 1.6 ml. of 
0.125 M potassium phosphate buffer, pH 7.0, and other components as shown below. 
Incubation at room temperature, under toluene, for 43 hours, 11 hours after ma.xi- 
mal arginine production was obtained. The reactions were stopped by heating at 
100° for 3 minutes and the mi.xtures centrifuged. Analyses of supernatant solutions 
for arginine were carried out both colorimetrically with the Sakaguchi reagent 
against an arginine standard and microbiologically with Leueonostoc mesenieroides 
P-60. 


Reaction 

mixture 

No. 

Substrotes 

Arginine produced 

Colorimetric 

assay 

Microbiolo^fical 

assay 

1 

Canavanine, 76/imoles; ornithine, 78/umoles 

fi mates 

33 

finales 

32 

2 

“ 76 “ 

4 

2 

3 

Ornithine, 78 ;umoles 

0 

1 

4 

Canavanine, 76 /imoles; b'sine, 78 /umoles 

3 

3 

5 

153 ,umoles; ornithine, 78 //moles 

52 

53 

6 

“ 76 //moles; ornithine, 78 //moles; 

3 

2 

7 

boiled 5 min. at 0 time 

Canavanine, 76 //moles; gamine, SO //moles 

16* 

3 

8 

Gljmine, 80 //moles 

1 

1 


* The Sakaguchi color is reported in arginine equivalents, but, as the microbi- 
ological assay and paper chromatography indicate, the color is due not to arginine, 
but to gljmocyamine. 


responds only to arginine. It can be seen from Table I that the colon- 
metric and microbiological assays for arginine are in close agreement. 

The other reaction product, canaline, \vas identified b 3 '’ a specific and 
sensitive paper chromatographic method developed in this ]aborator 3 ^ 
In this method advantage was taken of the fact that canaline is an 0- 
substituted h 3 ^drox 3 damine capable of reacting witli carbon 3 ’-l groups 
(11), with an a-amino group Avhich can be detected Avitli ninh 3 ’’drin. Con- 
sequently the Rf values of the oxime type complexes of canaline with 
various carbonyl compounds should sen^e to identif3" canaline in complex 
reaction mixtures. Preliminaiy experiments were performed to establi.^h 
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the corresponding Hr values. Beef liver arginasc vas incubated with 
canavanine to form canaline. After the reaction was complete, various 
carbonyl compounds were added to aliquots of the deproteinized solution. 
The solutions were chromatographed on paper with a solvent of water- 
saturated phenol, ammonia atmosphere, and sprayed with ninliydrin. 
The Rr values of the comple.x'es of canaline with several carbon3d com- 
pounds are listed in Table II. In an adjacent column are given the Rr 
values of the niuhydrin spots obtained when the same carbonjd compounds 
were added to aliquots of the deproteinized canavanine-ornithine reaction 
mixture. These latter spots were not olx^^crved when cither canavanine, 

Tabj.e 11 

Canaline Comylcics with Various Carbonyl Compounds 
The solvent system is w.ater-s.-ituratcd phenol, .immonia atmosphere, and the 
color reagent is ninhydrin, which reacts with the a-amino group of the canaline 
moiety. The middle column gives the results obtained b\' adding the carbonyl 
compound to a solution of authentic canaline; the last column, the corresponding 
Rf values for the new ninhydrin-reactive compound obtained with the complete 
reaction mi.xture after incubation. These results show that canaline is a product 
of the canavanine-ornithine transamidination reaction. 


Carbonyl compound added 

R r value of oeime 

Cnoalinc 

Reaction mixture 

Ribose-5-pliosphate 

1 0.05 1 

0.04 

Ribose 

' 0.-13 

1 0.43 

Pyruvate . . 

O.IO 

0.38 

O.xalacetate 

0.11 

0.10 

a-Ketoglutarate 

i 1 

1 1 

0.20 


ornithine, or the enzj-nie was omitted during incubation. From these 
data it is apparent that canaline is a product of the transamidination 
reaction. Further confirmation was obtained bj’^ isolating the complexes 
obtained with p3'ruvate and a-ketoglutarate 133’^ means of paper chromatog- 
rapht'. The respective paper strip eluates were subjected to treatment 
with palladium black and h3’’drogen gas at room temperature and atmos- 
pheric pressure for 3 hours and were rechromatographed on paper. It was 
found that the p3Tuvate complex 3uelded homoserine and alanine, while 
the a-ketoglutarate complex 3ielded homoserine and glutamic acid, as 
determined b3’’ their Rp values in solvents of water-saturated phenol, 
ammonia atmosphere, and butanol-acetic acid-water ( 4 : 1 : 1 ). These are 
the products which would be expected from a reduction of an oxime link- 
age between canaline and the respective keto acid. 

Reversibility of Reaction — ^That the canavanine-ornithine transamidina- 
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tion reaction is reversible was indicated Ijy the results obtained in the 
following experiment, A mixture of 25 mg. of canavanine sulfate and 3 
ml. of 0.1 M phosphate buffer was adjusted to pll 7.5, and 15 mg. of argi- 
iiase were added. The mixture was incubated in the presence of toluene 
for 23 hours at room temperature to assure the complete hydrolysis of 
canavanine to canalinc, and then heated for 5 minutes at 100°. The mix- 
ture was centrifuged to remove coagulated protein. To 1.2 ml. of the 
canaline-containing supernatant solution were added 20 mg. of L-argininc 
monohydrochloride and 10 mg. of the dialy’^zed transamidinase prepara- 
tion. After incubation for 20 hours at room temperature in the presence 
of toluene, the reaction mixture was deproteinized by heating at 100° for 
3 minutes. Paper chromatogi’anis of the supernatant solution, with 
water-saturated phenol, ammonia atmosphere, as the solvent, were sprayed 
with alkaline ferricyanide-nitropi'usside reagent. Below the red arginine 
spot, at the predicted Rp value, could be distinguished the violet spot 
chai’acteristic of canavanine. This spot was not present in the canavanine 
hydrolysate before arginine and enzy’-me were added. No canavanine was 
formed when either arginine or transamidinase was omitted from the re- 
action mixture. 

Evidence for Canavanine-Glycine Tramamidinaiion — ^Preliminary experi- 
ments indicate that glycine also can act as an amidine acceptor when 
canavanine is the donor. In the experiment described in Table I, when 
glycine was substituted for ornithine, it wms obseiwed that a compound 
was produced which reacted in the Sakaguchi test, but did not support 
growth of L. mesenteroides in a medium lacking only arginine. Paper 
chromatographic analysis, with butanol-acetic acid-w'-ater (4:1:1) as 
solvent and an alkaline ferricymnide-nitropnisside sprays provided strong 
evidence that the compound produced was glycocyamine. This compound 
was not produced in the absence of canavanine. When the compound was 
eluted and hydrolyzed with alkali, a ninhydrin-reactive compound was 
formed which corresponds with glycine on paper chromatograms. 

niscussiON 

It is irot known at present w'hether canavanine and canaline are normal 
metabolites of higher animals. However, it is known that plants contain- 
ing canavanine are ingested by’- higher animals. Consequently'- the meta- 
bolic pathway’-s in which canavanine can participate are of interest. In 
mammals, canavanine may'- combine with fumarate to form canavamno- 
succinic acid (12), be hy’^drolyzed to canaline and urea (13), or undergo 
transamidination, wdth the formation of canaline. It is interesting to spec- 
ulate about the r61e of this transamidination reaction in metabolism. Ap- 
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parcntly L. mcsenlcroidcs lacks such an enzjune, since its arginine require- 
ment cannot be met by a combination of canavanine and ornithine. If 
avian kidney can perform this transamidination, then in those birds which 
cannot synthesize citrulline from ornithine it is possible that canavanine 
might replace arginine in the diet, proAuded that sufheient endogenous 
or exogenous ornithine is present . 

The mechanism of the canavanine-ornithine transamidination reaction 
reported here is not known. A cofactor requirement was not shown by 
these e.xperiments. Since arginine-handling enzjTues of many organisms 
apparently cannot distinguish completch' between arginine and canavanine, 
it is tempting to .speculate that reactions similar to the following may 
occur. 

Canavanine enzyme enzyme urea -b canaline (2) 

Enzyme ~ urea -f- ornithine arginine -p enzyme (3) 

Sum. Canavanine -}- ornithine ^ arginine -b canaline (4) 

In this interpretation of the results reported in this paper, a single enzjTue 
would be involved in the activation of both arginine and canavanine, and 
the same enzyme-amidine complex would be formed from cither substrate. 
If this scheme is correct, the amidine group of arginine ma}' be considered 
to be in a state of dynamic metabolic equilibrium in mammalian kidne}’, as 
well as in other biological .systems which contain this enzyme (Reaction 3). 

The postulated enzj'ine-amidine complex maj* be considered to be a 
form of “active urea.” If such a comple.x is fonned, it is possible that in 
some organisms a mechanism might exi.st for the synthesis of that comple.x 
from urea plus an energy' source. A similar mechanism was earlier postu- 
lated to account for the utilization of urea as the sole nitrogen som'ce for 
growth of organisms which apparently lack urease (14). Because of the 
B'ide-spread use of urea in foliar sprays and as a nitrogen source for rumi- 
nants, such a proposal warrants further study. 

As an interesting by-product of this investigation, it might be noted that 
the reaction of canaline mth various carbonyl compounds of biochemical 
interest could ser\'e as a useful means of identification of those carbonyl 
compounds in complex biological mixtures. Canaline can be readily^ 
formed from commercially' available canavanine and arginase. The 
procedure would involve simply’’ adding the canavanine hy'drolysate, 
containing canaline, to the unknown mixture and chromatographing the 
solution on paper. Use of the the sensitive ninhydrin reagent would 
permit the identification of small quantities of such compounds as py”™- 
vate, a-ketoglutarate, oxalacetate, and ribose (Table II). 
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SUM.MAItY 

An cn7.3’'mc preparation from liog Icidnc}' was found to catalyze a trans- 
fer of the amidine moiety of canavanine to ornithine, with the formation 
of arginine and canaline. No cofactor I'cquircment was observed; the 
optimal pH is 7.2. Preliminaiy experiments indicated that the reaction 
is reversible. Tlic same crude enz 3 mie j^reparation apparently catalyzes a 
canavaninc-gtycine transamidination, gl^mocyamine being tentatively 
identified as a reaction product. It is suggested that the canavanine- 
ornithine transamidination reaction involves the reversible formation of 
the same enz3'’me-amidinc (“active urea”) complex from both canavanine 
and arginine. If this concept is correct, the amidine group of arginine 
may be considered to be in a state of d 3 mamic equilibrium in mammalian 
kidney. 

As a by-product of this investigation, a pre^dously unreported method 
for identif 3 dng carbon 3 d compounds of biological interest was described. 
An arginase h 3 ’-drol 3 ’’sate of canavanine, containing canaline, a ninhydrin- 
reactive 0-substituted h 3 '’drox 3 damine, is added to the unknovm to be 
identified, and the resulting solution is chromatographed on paper. The 
oxime type complexes formed between canaline and such compounds as 
pyruvate, a-ketoglutarate, and o.xalacetate can be readity identified by 
their characteristic Rf values, as detected with ninhydrin. 

The author appreciates the continued interest of Dr. Jack iMyers and 
Dr, Roger J. Williams in tliis work. 
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THE BIOCHEiMISTRY OF HYDROGENOMONAS 

IV. THE INHIBITION OF HYDROGENASE BY OXYGEN* 
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(From the Department of Chemistry, University of California, Los Angeles, California) 
(Received for publication, May 2, 1955) 

Hoberman and Ritteiiberg (1) found that the hj'drogenase acthdty of 
intact Proteus vulgaris cells (assaj'cd bj' deuterium exchange) was not af- 
fected by cyamde added anaerobicall}’-, but was sensitive to cj^anide added 
in the presence of oxj'gen. It was suggested that a prosthetic group of 
lu'drogenase is reversibly oxidized bj' molecular oxygen to an inactive form 
which reacts irreversiblj' with cj^anide. This cyanide effect constitutes the 
main e'l'idence for the view that the prosthetic group is an iron porphjTin 
compound. In addition, carbon monoxide inhibition is partiall}’- reversed 
by light in Proteus (1), although not in Escherichia colt (2, 3) or Azotohacter 
vinelandii (4). Nitric oxide inhibition (5, 6) has been considered further 
e\'idence for iron porph5nin participation (5). Inhibition of h3'’drogenase 
by reversible oxj'genation has also been proposed (7). 

The tiToe of interaction between cj^anide and ox}’’gen reported bj’’ Hober- 
man and Rittenberg has been obsen'ed in measurements of h3'^drogen up- 
take in the presence of an electron acceptor b3’’ intact cells of E, coli (2) and 
.4. vinelandii (8) and in intact cells (9, 10) and cell-free preparations (10) 
of Hydrogenomonas facilis. Participation of an iron porphyrin prosthetic 
group has, however, been questioned on various grounds (3, 9-11), among 
them the high levels of c3mnide usuall3’' required for inhibition. It has also 
been suggested that the hydrogenase of Clostridium pasteurianum is a 
mol3^bdenura flavoprotein (12). 

This paper reports a reinvestigation of the effects of oxygen and C3mnide 
on h3^drogenase activity. Intact cells of H. facilis were used. The re- 
sults suggest that oxygen is the inactivating agent, and that cyanide acts- 
indirectl3’' by inhibiting an enzyme which decomposes the inactive hy-^ 
drogenase-ox3''gen compound or complex. 

Methods 

Suspeirsions of autotrophicaU3’- grown H. facilis cells were used. The 
cells were harvested after 40 to 60 hours growth on inorganic agar plates 
under h3'drogen, oxygen, and carbon dioxide (10). Cell weights were esti- 

* This work was supported in part by grants from the Research Corporation and 
the National Science Foundation. The author is indebted to Mr. Larrj' Parks for 
technical assistance. 
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mated turbidimetrically. Hydrogeiiase activit}'’ was assayed manomet- 
rically with MB’ as acceptor. Gas mixtures were made up volumetricall}’’ 
in plastic bags and introduced into indiAudual Warburg flasks by e^'acuating 
them three times to 0.1 atmosphere and filling. When all of the flasks in 
an experiment required the same gas mixture, it was made up manomet- 
ricallj'’ directly in the flasks by connection to a manifold. Atmospheres of 
nominally pure liydrogen were obtained b3'' evacuating the flasks 5 times to 
0.1 atmosphere and filling them from a commercial tank. Solutions of 
potassium cj'-anide were unbufi'ered to minimize loss of HCN bj’" volatiliza- 
tion; hence some evolution of HCN occurred on addition of these solutions 
to the buffered (pH 7) cell suspensions. The change in pH following addi- 
tion of cyanide was less than 0.2 unit, and its effect on hydrogenase activity 
was negligible. 


Results 

At a constant partial pressure of hydrogen and constant levels of cyanide 
and MB, gas uptake by intact cells of H. facilis was progressivelj’’ inhibited 
as the partial pressure of oxygen was increased (Fig. 1). Results of a pre- 
liminary experiment in which the gas phases were made up by mixing hydro- 
gen and air (so that the hj^’drogen content decreased as the o.xygen in- 
creased) are also plotted in Fig. 1. The close agreement indicates that 
under the conditions of these experiments o.xygen concentration is the prin- 
cipal factor determining hj^drogenase activity and that variation in hj'-dro- 
gen concentration Avithin the range tested has little effect. In these experi- 
ments the cells were incubated with cyanide under the experimental 
atmosphere for 30 minutes before addition of MB. 

Despite the simple curve of Fig. 1, the situation was rather complex, 
since oxygen affected the system in other waj^s than by inactivating h}^- 
drogenase (Fig. 2). The positive slope of the control curve in the region 
of low oxygen concentration was due primarily to reaction of oxygen with 
MBHa. The approximately level corresponding portion of the curve for 
the cyanide series presumably resulted from a similar increase in oxygen 
uptake which masked the decrease in hydrogen utilization. In addition, 
the natural mechanisms transferring electrons to oxygen, which are in- 
hibited by cyanide, may have participated significantly in the control flasks. 

In the e.xperiments just described, both the concentration of cyanide and 
the time of preincubation with c^mnide before addition of MB were held 
constant. For study of these variables, a constant oxygen partial pressuiv 
of approximateb’’ 0.1 atmosphere was used. Under this atmosphere, vaiy- 
ing amounts of potassium cyanide were added and the suspensions in- 

1 MB and MBH; denote the oxidized and reduced forms, respectively, of metliylonc 
blue. 
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cubalcd for 30 minutes before addition of MB. Some loss of HCX bj' 
volatilization inevitably occurred, but was minimizedby the fact that the po- 
las.'^ium cyanide solution in the side ann was unbuffered and the flasks were 
evacuated only once to 0.5 atmosphere and immediatelj* filled with hydro- 



Fig. 1. Effect of oxygen partial pressure on rate of gas uptake by autotrophically 
groTO H. facilis cells -with MB as electron acceptor. Each flask contained 0.3 mg. 
(dry weight) of cells in 2 ml. of 0.07 m phosphate, pH 7.0. MB and KCN, 25 pmoles 
(1.25 X 10~= m) each. O, gas phase 0.4 atmosphere of hydrogen plus the indicated 
partial pressure of o.xj'gen, made up to 1 atmosphere with helium; X, gas phase air 
at 5 times the indicated pressure of oxygen, made up to 1 atmosphere with hydrogen. 
KCX was added after the flasks were filled with the experimental atmosphere, and 
MB was added 30 minutes later. 

Fig. 2. Interaction between oxygen and cyanide in inhibiting hydrogenase of E . 
facilis. Conditions as described for curve (O) of Fig. 1. O, control; MB added 
after 30 minutes incubation under the indicated atmosphere; A, MB added after 30 
minutes incubation with KCN under the indicated atmosphere; X, hydrogen-oxygen 
reaction in absence of MB and KCN ; • , hydrogen-oxvgen reaction in presence of 
KCN. 

gen. The results (Fig. 3) show that cj'anide concentration may' be varied 
over a considerable range with little effect on the degree of inhibition. At 
all levels tested (from 8 X 10“^ m to 2 X 10-= ii) cj'anide completely pre- 
vented the hj^drogen-oxygen reaction during the 30 minutes before addition 
of MB. In parallel experiments, cyanide at none of these levels signifi- 
cantly affected tbe rate of reduction under pure hydrogen. 

Changes in the length of the inten'al during which the cells were incu- 
bated u-ith cyanide before addition of :MB also failed to affect the degree of 
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inhibition (Fig. 4). Wlien MB was added 10 , 20 , or 40 minutes after addi- 
tion of cyanide, initial gas uptake amounted to 35 , 33 , and 35 per cent, re- 
spectively, of the rate of the corresponding control suspension lacking 
cyanide. Furthermore, the actual rates as well as the ratio of inhibited to 
control rates were unchanged. While the initial rate in the flask receiving 



Fig. 3. Effect of cj^anide concentration on gas uptake from an atmosphere of 50 
per cent hydrogen and 50 per cent air by autotrophicalb' grown JI. facilis cells with 
1.25 X 10“^ M MB as electron acceptor. 0.2 mg. (diy weight) of cells in 2 ml. of 0.07 
M phosphate, pH 7.0. The control rate was 5.4 pi. per minute. The arrow indicates 
the C 5 mnide level used in other e.xperiments reported in this paper. 

Fig. 4. Effect of time of incubation with KCN and ox 3 'gen on the rate of gas 
uptake from an atmosphere of 50 per cent hydrogen and 50 per cent air autotrophi- 
callj'' grown H. facilis cells with MB as electron acceptor. Each flask contained 0.3 
mg. (drj" weight) of cells in 2 ml. of 0.07 m phosphate, pH 7.0. 1.25 X 10“^ m MB 
added at the times indicated by the figures on the curves. O, control; •,1.25X 10“' 
M KCN added at 0 time. 

cyanide and MB simultaneously cannot be determined preciseb’- because of 
interference 63 ^ equilibration of HCN partial pressure with the buffered 
suspension, the rate was slightly higher than in the other flasks. Evidentb" 
oxygen inactivation of hydrogen uptake in the presence of c 3 '’anide and in 
the absence of electron acceptor reaches a .steady state within 10 minutes 
and remains constant for at least an additional 30 minutes. The 0 time 
curves of Fig. 4 resemble closely the results reported 63 ^ Schlegel (0) for a 
similar experiment in which all mixing was at 0 time. 
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Since the degree of inhibition is relativel}' independent of C 3 ’anide and 
hydrogen concentrations, it appeared that the steady state might be de- 
finable in terms of oxj’gen concentration, with c\'anide being necessar}' for 
manifestation of the inhibition but not directly involved. Fig. 1 supplies 
the data for such a treatment. If total In'drogenase is designated b}-- (Et) 
and active hydrogenase by (E), the ratio {E)/{Et) may be approximated 
In* the ratio of reaction rates in the pre.«ence and in the absence of cj-anide. 
If, then, the assumption is made that oxj'gen reacts with the enzjTne accord- 
ing to the reaction 


E + nOii=^E{C)t)n ( 1 ) 

where E{0^n represents an inactive compound or complex that accumu- 
lates onl\' in the piesence of cj'anide, the equilibrium constant will be given 
by 


{E)m 


By substituting [^(Oa)^] = {Et) — (E), Equation 2 becomes 



l^Tien the values of (Oa) and {E)/{Et) from the experiments summarized 
in Fig. 1 are substituted in Equation 3, the value of K is essentiallj* constant 
when 7! = 2 {K = about 280). This result indicates an over-all second 
order dependence of steadj^ state inactivation on oxj-gen concentration. 
IMiile the simple.'«t explanation is that 2 molecules of ox^’^gen per active site 
on the hj'drogenase molecule are required for inactivation, other mecha- 
nisms are possible in ^^ew of the multiple role of oxvgen in tliis svstem (Fig. 
2 ). 

It will be noted (Fig. 4) that, besides the steady* state inactivation of 
hydrogenase, there is a progressive inhibition in the cj'anide series which 
first becomes e^fident 20 to 40 minutes after addition of MB. Gas uptake 
in control flasks was linear as far as measured (to about 700 ah)- This 
effect suggests inhibition bj^ a product of the reaction in the presence of 
cj-anide. Since MBHo does not inhibit under h 3 'drogen, it seems possible 
that h 3 ’^drogen peroxide formed b 3 ’- reaction of MBHo with oxygen ma 3 ' be 
the inhibiting compound. Preliminar 3 ’- experiments indicate that added 
peroxide inhibits h3'drogenase when catalase is inactivated by C3'anide. 
The alternative explanation, that C3’'anide inhibits h 3 ^drogeuase directl 3 - but 
only during enz 3 Tne function, is unlikely in ^’iew of the absence of a com- 
parable progressive inhibition when ox 3 '^gen is not present. 
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DISCUSSION 

The evidence presented seems incompatible with a reversible oxidation 
of hydrogenase, followed by irreversible reaction of the oxidized form with 
cyanide (1). In such a case the inhibition should be nearly complete when 
both oxygen and cyanide are present at relatively high levels, since reaction 
with C3mnide would remove the oxidized enz^’-me and force the oxidation to 
completion. However, with oxygen at 0.1 atmosphere and C3^anide at 0.02 
M, the rate of gas uptake was still over 30 per cent of the control rate (Fig. 
3). 

The shape of the curve for inactivation as a function of C3''anide concen- 
tration (Fig. 3) would also appear to mle out participation of an iron por- 
phyrin compound directly as a prosthetic group of h3’-drogenase. On the 
other hand, the results are consistent with the ^dew that an iron porphyrin 
enzyme is involved in the protection of hydrogenase by decomposition of 
an inactive hydrogenase-oxygen compound. 

The hypothesis suggested by the results presented here ma3’' be summa- 
rized as follows: Hydrogenase reacts with or adsorbs oxygen to give an in- 
active form of the enzyme. Normall3'-, and especially in the presence of 
hydrogen, the inactivated form does not accumulate to a measurable degree 
because of rapid enzymic decomposition. In the presence of cyanide, this 
protective mechanism is inhibited and the inactive form of hydrogenase 
accumulates to a level determined by the concentration of oxygen and pre- 
sumably of cyanide-insensitive systems catalyzing reactivation. Because 
the inactivated form is decomposed at a finite rate even in the presence of 
cyanide, removal of oxygen will lead to reactivation of the enzyme. It 
does not seem likely that reactivation occurs to any considerable degree 63'' 
uncatalyzed dissociation of the enz3'-me-oxygen compound, in view of the 
relatively slow rate of reactivation of cell-free preparations. Either the 
dilution involved in preparation of the extract or loss of spatial orientation 
between hydrogenase and the protecting enz3mie might explain tliis effect. 

The inactive compound might be an enzyme peroxide, the protecting 
enzyme be capable of decomposing the peroxide, and the non-enzymic 
catalysts such ions as ferrous. If an electron carrier is involved in IMB 
reduction, it may be the site of oxygen inhibition. However, the similar- 
ity between the cyanide effect reported here and that observed vath the 
exchange reaction (1) suggests that the same mechanism is involved in 
both cases, and it seems likely that the site of oxygen inactivation is hy- 
drogenase itself. 

The hypothesis presented appears to be compatible not only with the 
results reported here, but also with earlier reports of cyanide and oxygen 
effects on hydrogenase actiwty in various species (2, 3, 8, 9). Of these, 
only one requires special comment. Joklik (3) found that on a percentage 
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basis the inhibition of cell-free E. coli lij'drogenase by aerobicalh’- added 
cyanide ivas intensified bj' incubation under hydrogen. This finding was 
considered to demonstrate stronger cjmnide inhibition under hydrogen than 
under air, in contrast to the results obtained in all other cases. The prepa- 
ration used by Joklik was largely inactive before addition of cyanide, how- 
ever, and both the c3'anide-containing and the control preparations were 
reactivated bj’" incubation under h5'drogen. The increase in per cent in- 
hibition reflected in realit3" a slower reactivation of the c3"anide-containing 
preparation, a result predicted b3'’ the h3Tiothesis outlined here. 

In the presence of h3’drogen and the absence of C3'anide the h3^drogenase 
acti\'it3’- of intact H.facilis cells is not reduced b3’- oxygen at any level tested 
(up to 20 per cent). Fisher, ICrasna, and Rittenberg (7) reported that the 
rate of the deuterium exchange reaction carried out b3’’ intact cells or cell- 
free preparations of Proteus is decreased b3’’ ox3’’gen. In the case of cell-free 
extracts, ox3’gen concentrations well below 1 per cent were markedl3’’ effec- 
tive, even in the presence of 95 per cent h3'drogen. It is not clear whether 
this difference in the level of ox3'gen required for inhibition reflects a species 
difference or results from the comparison of intact cells with ceU-free prep- 
arations. 


StrMM.\RT 

Cyanide at 2 X 10 “- m fails to inhibit h3’^drogenase actmt3’’ of intact cells 
of Hydrogenomonas facilis (estimated by meth3dene blue reduction under a 
hydrogen atmosphere), but the h3’-drogen-ox3^gen reaction is abohshed by 
the same inhibitor at 8 X 10“® M. Under a h3^drogen-ox3’'gen atmosphere, 
the rate of h3’-drogen uptake in the presence of meth3dene blue is nearly 
independent of c3’-anide concentration above 8 X 10 “^ m, and within rather 
■nude hmits is independent of h3’’drogen concentration and of time of pre- 
incubation with cyanide. Under these conditions, the degree of inhibition 
depends almost exclusively on the ox3’^gen concentration. Ox3’-gen at the 
levels tested does not inhibit in the absence of cyanide. 

These results suggest that hydrogenase forms an inactive compound or 
complex with oxygen which is decomposed b3^ some C3"anide-sensitive en- 
Z3"me, and which accumulates to detectable levels onl3’- in the presence of 
cyanide. According to this rnew, there is no direct effect of C5mnide on 
h3"drogenase. Effects of C3^anide and ox3'gen on h3'-drogenase pre^'iousl3’■ 
reported are discussed in terms of this h3q)othesis. 
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Dehj'droepiandrosferone (o-androstcn-3j3-ol-17-one) is a normal steroidal 
product of the adrenal gland (1). The 16-keto analogue of this steroid is 
5-androsten-3/3-ol-] 6-one, and it mil be of much biologic interest to see 
■whether the latter compound has natural occurrence, inasmuch as the 
16-ketosteroid, androstan-3j3-ol-16-onc, is a normal metabolite in the 
urine of the pregnant mare (2-4). 

We have now been successful in preparing 5-androsten-3/3-ol-16-one by 
emplojdng the new s 3 Tithetic route (5) to 16-ketosteroids recentl 3 ^ dis- 
covered. In the present s 3 'nthesis, deh 3 'droepiandrosterone is submitted 
to nitrosation and zinc-acetic acid reduction b 3 ' pre\'ious methods (6), 
and the resulting 5-androsten-3/S,17/S-diol-16-one (I) is esterified ■nith 
p-toluenesulfon 3 d chloride to produce the 3,17-ditos3']ate (II). The 
p-toluenesulfonic acid ester at Cj is then Eelectivel3’' h3'drol3'zed b3’’ re- 
fluxing in aqueous acetone containing a small amount of sulfuric acid, 
and o-androsten-3/5,17/3-diol-16-one-17-p-toluenesulfonate (III) is thereb 3 ’' 
produced. This derivative is then submitted to sodium boroh 3 'dride 
reduction followed b 3 ' alkaline cleavage, as previousl 3 " described (5), to 
furnish the desired 16-ketosteroid (R'' — > Y). 

Our average over-all 3 deld of 5-androsten-3j8-ol-16-one, calculated upon 
deh3’^droepiandrosterone as starting material, is 56 per cent. 

5-Androsten-3^-ol-16-one has no androgenic or m 3 mtrophic acti-i’it 3 ’-i 
at a level of 3.5 mg. in the bioassa 3 ’’ method of Hershberger, Shiple 3 ^, and 
Meyer (7). The compound does not inhibit pituitar 3 ^ gonadotropin 
h3q)ersecretion' in parabiotic rats at a total dose of 3.5 mg. 

EXPEKIMENTAL* 

Preparation of S-Androsim-3^-ol-16-one 

Crude 5-androsten-3/5,17/3-diol-16-one (I) (6), 5.00 gm., was esterified 
■with p-toluenesulfonyl chloride at ice bath temperature in our usual 

1 This bioassay vas perfonned by the Endocrine Laboratories of Madison, VRscon- 
sin, under the direction of Dr. Elva Shipley. 

= All melting points are uncorrected. Microanalyses and optical rotations are bv 
Dr. E. W. D. Huffman, Denver. ^ 
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procedure (100 ml. of pyridine; 18 gm. of tosyl chloride) (5). After 24 
hours at room temperature, the ditosylate was precipitated vdth ice water 
(2.5 liters), and, after a day at 5°, filtered, washed well vdth water, and 
dried in the warm closet (II) (yield, about 10 gm.). 

The product (II), as above, was selectively hydrolyzed as follmvs; 
To the ditosylate in solution in 625 ml. of alcohol-free acetone were added 
225 ml. of water containing 0.52 ml. of concentrated sulfuric acid, and the 
solution was refluxed for 4 hours, whereupon 225 ml. of water were added 
and distillation effected to turbidity. To the hot mixture were added 
1100 ml. of 9.1 per cent sodium chloride containing 0.65 gm. of sodium 
hydroxide. After a day in the ice box the androstenediolone-17-mono- 
tosylate (III)^ was filtered, washed copiously vdth water, and dried. 

3 That the 3|3-tosyloxy-A'-steroid (II) is h 3 ’-drol 3 '^zed without inversion at Cs is 
borne out by the fact that the final product (V) in the synthesis may be reduced by 
hydrogen and palladium-charcoal catalyst to furnish authentic androstan-3/S-ol-lG-one 
in 80 per cent 3 deld. Further proof that hydrolysis of the 3 ^-tos 3 'loxT-A*-steroid with 
dilute aqueous acetonic sulfuric acid is accomplished without inversion at Ca is sup- 
nlied in Paper XVII of this series. In Paper XVII it will be shown that such a hy- 
drolysis of 5-androsten-3)3, 16i3-diol ditosylate, followed by epimerization exchange at 
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The mouotosylate (III) was reduced with sodium borohj'dride in the 
fashion previously described for the 16-keto-17/3-toluenesulfonox3' steroid 
(5) (125 ml. of methanol and 30 nd. of pyridine; 4.5 gm. of hj'dride in 50 
ml. of methanol). The excess hydride was decomposed with 55 ml. of 
acetone in 500 ml. of water, and the steroid derivative precipitated with 
1 .5 liters of 5 per cent sodium chloride containing 25 ml. of concentrated 
hydrochloric acid. 

The well washed androstenetriol-17-tos3’late (RO dried and dis- 
solved in 900 ml. of boiling 95 per cent ethanol, whereupon 900 ml. of 1 
X potassium hj'droxide were slowlj' added to the refluxing solution. After 
the addition of alkali, the solution was refluxed for 1 hour longer and then 
distilled to crystalhzation. The product was recrj'stallized from acetone- 
Skellj'^solve B and from aqueous methanol to jdeld 3.38 gm. of 5-androsten- 
3/3-ol-16-one, melting at 162-163°. Further recr 3 'stallizations raised the 
melting point to 163.5-165° (balls of fine needles) (^0- The cr 3 ^stalline 
material is h 3 ’’drated with 0.5 molecule of water, which it has a tendenc 3 ’' to 
regain even after having been full 3 ^ dried. 

CisHssOj-lHiO. Calculated. G 76.72, H 9.83; loss on drj-ing, 3.03 

Found, (a) “ 76.76, “ 9.93; “ " “ 2.99 

(b) “ 76.79, “ 9.86; “ “ “ 3.05 

[al5'’ —242° (c = 0.924 in chloroform as the hemihj'drate) 

On exposure to the atmosphere, after ha\*ing been full3’^ dried, the 
product regained 2.50 per cent weight. 

Characterization of 5-Androsten-8P-ol-16-one hy Derivatives 

5-Androsten-S8-ol-16-one Acetate — ^Pure 5-androsten-3i3-ol-16-one (V), 
197 mg., was acetylated in the usual manner with acetic anh3^dride in 
P3rridine. A recr3’’stallization from aqueous methanol 3delded 204 mg., 
m.p. 125-128°. A further recr3'stallization sharpened the melting point 
of the wax3'^ leaves to 127.5-128° (135 mg.). 

CsiHjoOs. Calculated, C 76.33, H 9.15; foimd, C 76.41, H 9.18 

5-Androsten-38-ol-16-one Benzoate — ^Pure 5-androsten-3|3-ol-16-one (V), 
106 mg., was benzo3dated at room temperature with benzoyl chloride 
(1.0 ml.) in P3’^ridine (4.0 ml.). The oil which resulted from precipitation 
with ice water was recr3^stallized twice from 95 per cent ethanol to give 
100 mg. of broad flat needles melting at 224.5-225.5°. 

CisHjjOj. Calculated, C 79.55, H 8.23; found, C 79.54, H 8.40 

Cie plus saponification, jdelds the same diol as does epimerization exchange plus 
saponification of 3^-acetoxy-5-androsten-16,8-ol tosylate, the final product being 
5-androsten-3p,16Q;-diol in each instance. 
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6-Androsten-S^-ol-16-o7ie Scmicarhazonc — Pure 5-androsten-3/3-ol-16-onc 
(V), 150 mg., was submitted to semicarbazone formation by refluxing 
(1.5 hours) in aqueous ethanol (150 mg. of semicarbazide hj'-drochloride; 
210 mg. of ciystalline sodium acetate). The semicarbazone was recrystal- 
lized twice from benzene and once from aqueous methanol to give 106 
mg. of product melting at 232-235°, Avith decomposition and gas formation. 
A sample was dried to constant weight in vacuo over phosphorus pentoxide 
at 100° before analysis. 

CsoHaiOsNa. Calculated, N 12.1G; found, N 12.10 

Androsten-3^-ol-16-one Oxime — Oximation of pure 5-androsten-3/3-ol-16- 
one (V), 150 mg., was effected in the usual manner by refluxing for 2 hours 
in aqueous ethanol containing 150 mg. of h 3 ''droxylamine hj’'drochloride 
and 300 mg. of ciystalline sodium acetate. The resulting oxime, in the 
amount of 150 mg., melted at 197-199.5°, A\ath decomposition. Two 
further recrystallizations from aqueous methanol raised the melting point 
to 204.5-205.5°, Avith decomposition (73 mg.). Before analysis the sample 
Avas dried to constant Aveight in vacuo oAmr phosphorus pentoxide at 100°. 

C 19 H 29 O 2 N. Calculated, N 4.62; found, N 4.60 

In a similar fashion 6-androsten-3^-ol-16-one methoxime was prepared. 
It recrystallized from aqueous methanol in small fine needles, m.p. 137.5- 
138,5°. It Avas dried to constant weight in vacuo at 80° OA^'er phosphorus 
pentoxide before analysis. 

C20H31O2N. Calculated, N 4.41; found, N 4.55 
Preparation of 3^-Metlioxy-5-androslm-16-one 

3/3-Methoxy-5-androsten-17/3-ol-16-one (6) was carried through the 
steps as given under the “Preparation of 5-androsten-3/3-ol-16-one,” except 
that it AA^as not, of course, necessaiy to go through the reaction involving 
selectiAm hydrolysis Avith aqueous acetonic sulfuric acid, the sequence 
involving only monotosylation at Cn, sodium borohydride reduction, and 
alkaline cleavage. Thus, from dehydroepiandrosterone metlyl ether it is 
possible to pi’epare pure 3jS-methoxy-5-androsten-16-one in 56 per cent 
over-all jdeld. From 80 per cent methanol this 16-ketosteroid crystallizes 
as silky needles and melts at 137.5-138°. 

C:oH 3 o 02 . Calculated, C 79.42, H 10.00; found, C 79.28, H 9.95 
[alo —252“ (c = 0.932 in chloroform) 

SUMMARY 

The preparation of 5-androsten-3iS-ol-16-one from dehydroepiandros- 
terone is described. 
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5-Androsten-3i3-ol-16-one was characterized as the acetate, benzoate, 
methjd ether, semicarbazone, oxime, and O-methjd oxime (methoxime). 

The authors are especially indebted to the Lasdon Foundation, Inc., 
Yonkers, New York, for financial assistance rendered during the course of 
this investigation. 
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THE TAURINE CONCENTRATION OF ORGANS FROM FED 
AND FASTED RATS* 


Bt JORGE AWAPARA 

{From The University of Texas, M. D. Anderson Hospital and Tumor Institute, 

Houston, Texas) 

(Received for publication. May 27, 1955) 

Taurine exists free in the organs of many animals (1—4) and also in com- 
bined form, as in the bile salts. The composition of bile salts from over 
100 animal species tvas recently reported, and taurine vras the most com- 
monly occurring conjugate (5). The large amount of taurine present in 
certain tissues seems to be in excess of the amount needed for the formation 
of bile salts. Moreover, taurine is found in organs of animals such as the 
rabbit (5), that do not produce taurine-containing bile salts, and it is also 
formed from inorgarnc sulfate in the chick embryo (6, 7). From these facts 
it may be inferred that taurine may play some other role besides that of 
forming bile salts. Considerably more information than that nov' avail- 
able is needed to understand the role of taurine. In the present work at- 
tention has been directed to the taurine concentration of tissues, including 
the effect of fasting, of starvation, and of the endocrine glands. In addi- 
tion, the amounts of taurine excreted in the urine have been measured after 
the administration of cysteine. From the results obtained, it is concluded 
that taurine is formed even when animals are fasted and that the levels of 
taurine in most organs do not change to any great extent. Some unex- 
pected sex differences in the taurine concentration of liver were observed 
in the rat. 


EXPERIMENTAl, 

The determination of taurine was carried out in extracts prepared accord- 
ing to a method described previously (8). The aqueous extracts thus ob- 
tained are passed through a 4 X 1 cm. column of Dowex 50-X8 (200 to 400 
mesh) in the acid form; 5 cc. of eluate were collected. All of the taurine is 
found in the eluate, with little contamination from other ninhydrin-reacting 
substances; when cysteic acid is present, small amounts appear in the eluate. 
For this reason the eluate is evaporated to drjmess in the steam bath and 
then taken up in 1 cc. of water; 50 pi. of this solution are applied to filter 

* This vork vas supported by grants from the National Cancer Institute 
(C-1831-C) of the National Institutes of Health and from the American Cancer Soci- 
ety. Part of the data was presented at the Forty-sixth annual meeting of the Ameri- 
can Society of Biological Chemists at San Francisco, April 10-15, 1955. 
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paper, neutralized with ammonia vapors, and chromatographed with 2,4- 
lutidine. The extracts of most organs gave a single compact spot which 
was easil}'’ measured quantitative!}’’ by any of tlie known procedures. The 
elution method with the ninhydrin reagent of Moore and Stein (9) was 
preferred. This method is reproducible within 10 per cent, and the re- 
covery from the tissues is about 90 per cent. Taurine was determined in 
measured portions of urine by simply passing the urine through a column 
of Dowex 50, as described above. The urine was first centrifuged and, if 
necessaiy, concentrated to a smaller volume on the steam bath. 

Kats of the Sprague-Dawlej’’ strain, weighing 200 to 250 gm., were used. 
The animals were fed Purina chow when not on a special diet. They were 
sacrificed by decapitation, and samples of the organs to be studied were 
extracted immediatel}’’. Organs from beef, pig, and sheep were obtained 
from the slaughter-house and put on dry ice within a few minutes after re- 
moval. 

Hypophysectomized rats were obtained commercial!}’’. Gonadectomies 
and adrenalectomies were performed by the usual procedures. The gonad- 
ectomized animals were sacrificed 3 Aveeks and the adrenalectomized animals 
2 Aveeks after the operation. During this time, they AA'ere gh'en salt in 
their drinking Avater. A group of gonadectomized male rats receiA’-ed estro- 
gen (estradiol dipropionate, Schering) in doses of 10 y pei' day per rat for 
10 days. Cysteine was administered by stomach tube. Food was avail- 
able except in an 8 hour period during which the rats AA^ere placed in meta- 
bolic cages for the collection of urine. 

Results 

Taurine Concentration in Organs from Fed Animals — In Tables I and II 
are recorded the amounts of taurine found in organs from the fed and 
fasted rat, rabbit, guinea pig, beef, pig, and sheep. Taurine aa^s not found 
in the liver of the rabbit or guinea pig, eA'-en though as little as 0.2 fimole 
per gm. of tissue could be detected by the method. In nearly all instances 
more taurine Avas present in the organs of the rat than in corresponding 
tissues of the rabbit or g’uinea pig. It is interesting that in the rabbit the 
taurine concentration in heart Avas 15 ^imoles per gm., Avhereas there was 
no detectable taurine in the liver. As mentioned before, the rabbit pro- 
duces bile salts containing glycine exciusiAmly (5). Neither taurine nor 
2-aminoethanesulfinic acid was detected in the liver of the rabbit after the 
injection of cysteine (unpublished experiments). In the rat heart, taurine 
was found in large quantifies; indeed, in the male rat, the taurine concen- 
tration in the heart Avas 17 times greater than in the liver. In the female 
rat this ratio Avas much smaller, because the taurine concentration in liver 
was greater, an unexpected sex difference apparently not controlled ex- 
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Table 1 

Taurine Conical of Rat Organs from Fed and Fasted Rais 


Values, in micromoles per gm. o£ fresb tissue, are averages from six animals, ± 
the standard error of the mean. 


Organ 

Male 

Female 

Fed 

16 hr. fast 

1 day fast 

Fed 

16 hr. fast 

7 day fast 

Liver 

1.6 

2.3 

6.1 

5.3 

3.8 

2.3 


±0.2 

±0.5 

±0.3 

±0.3 

±0.4 

±0.3 

Kidney 

7.4 

8.7 

10.1 

8.1 

8.6 

9.3 


±0.6 

±0.4 

±0.7 

±0.8 

±0.5 

±0.4 

Spleen 

11.0 

11.6 

12.5 

13.3 

11.9 

13.3 

±0.4 

±1.0 

±0.6 

±0.8 

±0.5 

±0.5 

Heart 

28.4 

27.9 

30.3 

26.7 

28.1 

26.2 


±10.5 

±0.9 

±1.7 

±0.6 

±10.5 

±1.1 

Brain 

5.5 

6.4 1 

3.0 

5.5 

5.6 

3.5 


±0.3 

±0.2 

±0.6 

±0.3 

±0.1 

±0.3 

Small intestine 

10.9 

10.6 

13.3 

11.9 ' 

10.8 

10.3 


±1.1 

±2.6 

±0.9 

±0.3 

±10.0 

±0.5 

iMuscle 

9.4 

11.6 

13.1 

10.7 

12.1 

11.1 


d:l.l 

±1.0 

±1.2 

±0.8 

±0.6 

±0.5 

Testis 

2.2 

2.1 

1.8 





±0.3 

±0.1 

±0.1 




Uterus 




7.2 

6.9 

6.8 





±1.2 

±1.5 

±0.5 


Table II 

Taurine Content of Some Organs from Guinea Pig, Rabbit, Pig, Beef, and Sheep 


Values in micromoles per gm. of fresh tissue. 


Organ 

Guinea pig* 

Rabbit* 

Pig 

Beef 

Sheep 

Slale 

Female 

Male 

Female 

Male 

Male 

Male 

Liver 

0.0 

0.0 

0.0 

0.0 

1.1 

5.3 

3.7 

Kidney 

1.8 

1.0 

mm 

2.4 

7.4 

T 

3.4 

4 1 

Spleen 

5.6 

5.2 


5.6 

5.1 

8 8 

Heart i 

9.3 

12.3 


15.8 

33 7 

3.5 

t 

T 

8.7 

7.2 

t 

t 

6.8 

t 

T 

1.4 

Brain 

1.0 

0.6 

■Ira 

1.8 

t 

t 

10.4 

T 

T 

1.8 

Small intestine 

3.8 

2 3 

4.2 

2 9 

Muscle 

9.1 

9.2 

1.3 

3 7 

Testis 

0.9 

0.7 


Uterus 

3.5 

1.6 

Pancreas 










* Average of values from two animals, 
t Not determined. 
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clusivelj’^ by sex hormones. Other differences were noted in the taurine 
content of liver from other species and also in the heart. Relatively low 


Table III 

Endocrine Regulation of Taurine Concentration in Some Organs of Rat 
The values, in micromoles per gm. of fresh tissue, are averages from six animals, 
± the standard error of the mean. 


Organ 

Males 

Females 

Hypophy- 

sectomy 

Adrenal- 

ectomy 

Castration 

Estrogen 

Adrenal- 

ectomy 

Castration 

Liver , 

1.7 

1.7 j 

1.6 

2.1 

2.6 

2.7 


±0.3 

±0.2 

±0.1 

±0.4 

±0.3 

±0.7 

Kidne}'’ 

9.6 

6.7 

8.2 j 

8.3 

6.4 

7.4 


±0.3 

±0.4 

±0,3 

±0.4 

±0.1 

±0.5 

Spleen 

15.3 

11.8 

13.8 

12.6 

11.7 

11.9 


±0.6 

±0.3 

±0.5 

±0.4 

±0.7 

±0.5 

Heart 

24.3 

28.0 

27.2 

27.1 

26.8 

25.2 


±0.8 

±1.1 

±0.9 

±1.4 

±1.2 

±1.2 

Muscle 

17.0 

13.3 

11.6 

12.7 

12.8 

10.9 


±0.9 

±0.3 

±1 . 3 

±0.6 

±0.4 

±0.9 


Table IV 

Taurine Excretion by Rat 
Values in micromoles per 24 hours. 


Rat No. 

Control period, 24 hrs. 

After cysteine,* 24 hrs. 

1 i 

47 

225 

2 

72 

245 

3 

69 

266 

4 

53 

215 

5 

57 

! 180 

6 

76 

195 

Average 

62 

221 


* 100 mg. by stomach tube. 


values for the taurine concentration of heart from beef and sheep were 
found when compared vuth heart from rodents or pig. 

Effect of Fasting — In Table I values for the taurine concentration of 
organs from rats fasted IG hours and for 7 days are presented. In both 
instances the taurine concentration of liver changed significantly and, dur- 
ing the 7 day fast, the increase in liver and in skeletal muscle was marked 
in male rats. These results are in agreement with those reported by Wu 
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(10) ■^'ho found a large increase in the taurine content of both liver and 
skeletal muscle from male rats after 9 days of fasting. In contrast, the con- 
centration of taurine in the liver of female rats was greatly decreased after 
a 7 day fast. The other organs changed very little, and in most cases the 
differences were not statistically significant. 

Endocrine Rcgidation — Sex differences in the taurine content of liver and 
the contrasting effect of fasting prompted the additional studies listed in 
Table III. None of the procedures affected the taurine content of the 
liver of male rats, but h 3 T)oph}'sectom 3 ' caused an increase in spleen, kidne 3 ', 
and, particularl 3 ', in skeletal muscle. The effect of adrenalectom 3 ' on the 
taurine content of skeletal muscle was statistical^ significant but less 
marked. Gonadectom 3 ’' and the treatment of gonadectomized or of intact 
males with estrogens were ineffective. Adrenalectom 3 ' and gonadectom 3 ' 
brought about a significant reduction in the taurine content of the liver of 
female rats. 

Urinary Excretion of Taurine — ^Table W presents values for taurine ex- 
cretion b 3 * male rats, calculated on a 24 hour basis. Table IV also contains 
values for the urinar 3 ^ excretion of taurine after feeding 100 mg. of cysteine 
b 3 ' stomach tube. The increase after feeding c 3 "SteiDe was significant but 
represented only 20 per cent of the total C3'steine fed. 

Disctrssiox 

With few exceptions taurine was found in ever 3 ^ organ studied and in 
concentrations which remained fairl 3 ’’ constant, even when the animals were 
subjected to long periods of fasting. Taurine is excreted almost quantita- 
tivel 3 ’’ in the urine when administered b 3 ’^ mouth or intravenous^’’ (11, 12). 
This apparent stabilit 3 '’ of taurine in the bod 3 ’’ was not confirmed b 3 ’’ Eldjarn 
(13) who administered S”-labeled taurine to a human subject and was im- 
able to recover all of the activity in the urine. 

Taurine is formed from c 3 ’’stine, C 3 '^steine, or indirectl 3 ' from methionine. 
The immediate precursor of taurine is 2-aminoethanesulfinic acid (14, 15) 
which is formed from cysteinesulfiirie acid by decarbox 3 'lation (16). Hope 
(17) recently reported data which strongl 3 ’^ suggest that c 3 ’’steic acid decar- 
box 3 ’’lase could be, in effect, C 3 ’’steinesulfinic acid decarbox 3 iase. It is of 
interest that Sloan-Stanley (18) and also Hope (17) found sex differences 
in the ability of liver to decarbox3’’late C3’’steic acid and c3'steinesulfinic 
acid. They reported that the liver of male rats had greater decarbox 3 'lating 
actmty than that of female rats, an effect opposite to what might be expected 
from the results of this stud 3 '. The amount of taurine obserr’ed in organs 
such as the heart and spleen suggests that these organs concentrate taurine 
against a high concentration gradient. This is particularly true in the rab- 
bit in which the taurine concentration in the liver is below the limits of 
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detection by our methods. Portman and Mann (19) recently reported 
that the urinary excretion of administered taurinc-S^® is less in rats previ- 
ously fed a low sulfur diet than in rats fed a high sulfur diet. They also 
found a high level of in tissues 24 hours after the administration of 
taurine-S3^ These levels were higher in the organs of rats fed a diet low in 
organic sulfur. From these results and ours, it is concluded that taurine 
plays other roles in addition to the only one known, namely the formation 
of bile salts. 


SUMMARY 

The taurine concentration of several organs from the rat, rabbit, guinea 
pig, beef, pig, and sheep has been measured. Sex differences were observed 
in the taurine concentration of the liver of the rat. The effect of fasting, 
adrenalectomy, hypoph 3 ^sectomy, gonadectomy, and estrogen treatment on 
the taurine concentration of several organs was studied, Onlj'- in a few in- 
stances were changes in the concentration of taurine observed. The taurine 
excretion by the rat was increased after administration of C3’‘steine, 

The assistance of Nancy Manz and Ingeborg Scott is gratefully acknowl- 
edged. 
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THE DISTRIBUTION OF FIXED CARBON 
IN AMINO ACIDS* 

By ROBERT W. SWICK and DOROTHY T. HANDA 

{From the Division of Biological and Medical Research, Argonne National Laboratory, 

Lemont, Illinois) 

(Received for publication, June 3, 1955) 

Experiments previously reported from this laboratory ( 1 ) were designed 
to measure the normal amount of CO2 carbon which becomes incorporated 
into the amino acids of the tissues of rats fed a natural diet. This evalua- 
tion was made possible bj'’ exposing rats to C'^’O; for periods long enough 
to insure a complete exchange of isotope between CO2 and the organic 
constituents of several tissues. It was noteworth}"^ that about one-fourth 
of the carbon of the carboxjd groups of liver aspartic and glutamic acids 
was derived from carhon dioxide. Smaller amounts of fixed carbon were 
found in the other non-essential amino acids, and no results were obtained 
which would suggest metabolic pathways of amino acid sjmthesis differing 
from those currently accepted. 

The present experiments were designed to measure the extent to which 
the non-essential amino acids of the diet affect the incorporation of CO2- 
derived carbon into tissue amino acids; this was done by offering the ani- 
mals a diet free of these compounds during exposure to isotopic CO2 and 
comparing the results vith those preAuously obtained. We might also 
expect to learn more about the synthetic pathways in the absence of dilu- 
tion of synthetic amino acids by dietary amino acids and to measure the 
maximal extent to which CO2 may be used as a carbon source. The 
results obtained show that more CO2 becomes incorporated into the amino 
acids when they are absent from the diet, and that the increases differed 
from one metabolicallj'^ related group of amino acids to another. 

Methods 

Exposure of Animals — ^In previous experiments ( 1 ), animals were con- 
tinuously exposed to in closed ventilated chambers for long pe- 

riods; in the present experiments, however, in order to effect some econ- 
omy of radioactive material and to simplify operation, one weanhng 
and four adult female Sprague-Dawlej’’ rats were exposed to isotopic CO2 
by incorporating CaC^Os in the diet at a level of 2 yc. per gm. Exposure 

* Work performed under the auspices of the United States Atomic Energy Com- 
mission. A preliminary report of this work was presented at the meeting of the 
American Society of Biological Chemists, Atlantic City, April 12-16, 1954. 
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to C *‘‘02 was made coiiliimous 1 ) 3 ' disiribuiing onl}' a limited amount of 
diet among tAveiily-four cups placed on a fraction collector moving one 
station each hour. The amount of food consumed each da}' was noted 
and a similar amount., rounded to the next highest gm., was offered for the 
succeeding da}'. In any 24 hour period, there were mrely more than two 
or three cups containing unconsumed ration. Two metabolism cages were 
placed adjacent to the collection rack, and access to the ration was gained 
through a short tunnel over the fraction collector. 


Table I 


Composition of Diets 


Constituent 

Casein 

Diet 

EAAi 

Diet 

E.AA: 

Diet 

EAA, 

Diet 

EAA« 


per cent 

per cent 

per cent 

per cent 

per cent 

Sucrose 

78 

81 

81 

81 

80 

Corn oil 

5 

5 

5 

5 

5 

Salts 

4 

4 

4 

4 

4 

Vitamin mixture 

0.6 

0.6 

0.6 

0.6 

0.6 

Casein 

12 





L-Histidine • HCl -1120 


0.15 

0.15 

0.365 

0.54 

L-Lysine-HCl 


0.30 

0.30 

0.375 

1.25 

DL-Threonine 


0.30 

0.30 

0.40 

1.0 

DL-Isoleucine 


0.60 

0.60 

0.60 

1.0 

L-Leucine 


0.50 

0.50 

0.30 

0.80 

DL-Tryptophan 


0.12 

0.12 

0.20 

0.40 

DL-Valine 


0.46 

0.46 

0.46 

1.4 

DL-Methionine 


0.30 

0.30 

0.30 

0.60 

DL-Phenylalanine 


0.27 

0.27 

0.27 

0.90 

L-Tyrosine 


0.27 

0.27 

0.20 


L-Alanine 


0.50 




Diammonium citrate 


5.39 

6.00 

5.9 

2.7 


That the exposure may be regarded as continuous, even when the ani- 
mals consumed the contents of the cup almost immediately upon its 
introduction under the cage, Avas demonstrated by simulating these 
conditions in an apparatus designed for the monitoring of the radio- 
activity in the expired air. The level of C“02 in the expired air of a rat 
fed once an hour did not vary more than 20 per cent during the hour be- 
tween feedings.^ 

It was necessary to use a diet which supplied protein only in the form of 
essential amino acids, yet which was adequate for maintenance of adult 
rats for long periods. Since no diet described in the literature Avas ade- 
quate for long periods, it Avas necessary to dcA'elop one. Diets EAAi and 

1 We Avish to thank Mr. Akira Nakao for making these measurements for us. 
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EAA;, whose composition is shown in Table I, Avere thought satisfactory’- 
until the rat receiAung Diet EAAi began to lose weight prior to the con- 
clusion of the exposure period. In the final experiment, Diet EAA3 Avas 
used with apparent success. Subsequently, Womack and coAA'orkers (2) 
reported a diet AA’hose amino acid composition was similar but somewhat 
lower. The weanling rat receh’ed a leA’-el of the essential amino acids as 
described by Borman ct al. (3). Arginine was omitted; hence groAvth was 
about one-half maximal, as expected. About 10 days were allowed for 
adjustment to the diet and feeding routine prior to the addition of radio- 
acth’e CaCOs to the diet. Urine and feces A\'ere collected, and the animals 
were weighed daily to determine the adequacy of the diet. The length of 
exposure, diet fed, and weight changes obserA-ed are reported in Table II. 

Isolation of Amino Acids — ^After the desired e.xposure, the rats were 
killed by exsanguination and dissected, and the organs and muscle were 


Table II 

Length of Exposure and Weight Changes of Rats Fed Various Diets 


Diet 

Initial weight 

Weight change 

Eaposore period 


gm. 

gm. 

days 

Casein 

287 

+10 

30 

EAAi 

274 

-16 

31 

EAA. 

306 

-1-15 

31 

EAA, 

314 

4-23 

59 

EAA, 

42 

-f-143 

122 


frozen until analyzed. The tissues were homogenized in 10 per cent 
trichloroacetic acid, extracted successhmly AAith hot 5 per cent trichloro- 
acetic acid and EtOH-ether, and dried. Hydrolysis of the crude protein 
fraction was accomplished AAith double distilled HCl in a sealed A’essel at 
115° overnight. After the excess acid had been remoA’-ed by vacmnn 
distillation, the amino acid solutions were treated Avith charcoal and brought 
to pH 4 to 5 by titration AAith Dowex 2 in the bicarbonate form. 

The amino acids were separated into three fractions on Dowex 2 accord- 
ing to the procedure of Abelson ei al. (4). The neutral amino acid fraction 
was concentrated, made 0.2 ar in citrate buffer at pH 2.5, and chromato- 
graphed at pH 3.42 on Dowex 50 Na+ as described by Moore and Stein (5). 
The acidic amino acids were adsorbed directly on a 50 cm. column of 
Dowex 50 H+ and resoh^ed AAith 1.5 n HCl. The Aurious fractions were 
concentrated and degraded directly. Arginine aaus isolated as the fla- 
vianate, and free arginine was recoA'ered as described preAiously (1). 

Degradation of Amino Acids — ^AIl of the amino acids examined were 
treated Avith ninhydrin for measurement of the carboxji groups (6). The 
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carbon of the guanidino gronj) of arginine was obtained by hydrolj^sis wtli 
saiiiraicd NaOII at 117° (7). 

The average radioaciivilj'- of the aspartic acid carboxyl gi'oups was ob- 
tained with ninhydrin. In earlier work (1), the radioactivity of the /3- 
carboxjd was obtained by transamination of aspartic acid, producing oxal- 
acetate, which was subsequent Ij’’ decarboxylated with Al"^*^. The results 
obtained suggested equal labeling of the two carbox3d groups; subsequent^, 
however, the reliability of the method became doubtful. Although not 
satisfactoiy in our hands for quantitative results, the method of Ehrens- 
vard et al. (8), in which chloramine-T is emplo3’-ed for the differentiation 
of the two carbox3d groups, did suggest some difference between the two 
groups. Also, frequently the specific activit3" of a-carbox3d group of 
glutamic acid, which is homologous with the j8-carbox3d group of aspartic 
acid, was higher than the value obtained for aspartic acid. These incon- 
sistencies suggested that randomization of the radioactivity in the carboxyl 
groups was occurring during the preparation of the oxalacetate, ovdng to 
other enz3’’me acti^dties in the crude heart homogenates. Hence a different 
procedure was tried. A l3''ophiIisate was prepared of Clostridium wekhii, 
grown according to the procedure of Mandeles and coworkers (9), which 
possessed high aspartic acid jS-decarboxylase activity.- The specificity of 
this enzyme was checked b3'- paper chromatography, and 20 mg. samples 
of radioactive aspartic acid were treated in vacuo at 37° for 1 hour with 
90 mg. of l5'’ophilisate in the presence of 10 mg. of sodium p3a’uvate and 
acetate buffer at pH 4.9. The specific activities of the /3-carboxyl group 
of aspartic acid which were obtained by this method were larger and were 
similar to those for the a-carboxyl of glutamic acid; therefore this procedure 
was adopted. 

Glutamic acid was decarbox3dated with chloramine-T, and the 0- 
c3'’anopropionic acid formed was oxidized with concentrated HCl to succinic 
acid (10) Avhich was then isolated as the silver salt (11). Silver succinate 
was converted to CO2 by wet combustion, and the radioactivity was meas- 
ured, as was that of all other CO2 samples, by proportional gas counting 
(12) with an accuracy of ±1 per cent. 

The results were calculated as the per cent carbon in each amino acid 
position derived from the metabolic CO2 during the exposure period. 
The assumed isotope level of this CO2 was based on the specific activity 
of urea carbon, computed as described previously (13, 14). 

RESULTS AND DISCUSSION 

The amounts of C02-derived carbon found in the amino acids of the 
rats fed a purified, casein-containing diet and CaC^Os (Table III) were 

2 We are indebted to Dr. Mandeles and his coworkers for making the details of 
their method available to us prior to its publication 
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similar to those obscn'cd previously in rats feel a natural diet and receiv- 
ing the isotopic carbon through the lungs as CO: (!)• As would be pre- 
dicted from previous work (1, 13), the levels of incorporation of fixed car- 
bon into the amino acids of liver and intestine of the animals treated for 
30 to 31 days were sinular to those obseiwed in the advdt animal exposed 
for 59 days, as well as ii\ the young rat which quadrupled its weight during 
the 122 day exposure period. Intestinal muscle protein must differ 
markedly from skeletal muscle protein in turnover rate, since the latter 


Table HI 

Fixed Carbon in Amino Acids 


Per cent fixed carbon in 


Aspartic acid 

Glutamic acid 


Arginine 




u _ 

^ 

Sc® 

e: c 
U-2 

«; c 
0-0 


>v 

X 

O C 
C-O 

*0 5 

>• 

o 

.1. a 
s c 

o 

0*2 

.5 

ct o 

Is 

2 c 



h 

- 

a- 

0 

6 


C 



Liver 


days 






1 






30 

Casein 

18.4 

22.8 

22.4 

0.2 

3.8 


85 

9.4 

8.0 

5.7 

31 

EAAi 

31.2 


30.8 


10.7 

8.7 

100 

11.3 

9.2 

7.7 

31 

EAAj 

47 


45 


11.7 

9.3 

100 

10.2 

10.4 

10.5 

59 

EAA, 

35.7 

39.8 

36.7 


14.6 

10.8 

SO (?) 

11.4 

11.8 

11.7 

122 

EAAt 


37.1 


0.1 

1 

14.9 

1 

14.4 

95 

1 


11.1 

8.5 


Muscle and intestine 


30 

Casein 

7.6 

10.5 

10.2 


4.1 

4.4 

53 

6.9 

2.8 

4.1 

31 

EAA, 

13.3 

14.5 

14.9 


10.2 

7.2 

55 

9.6 

7.8 

6.7 

31 

EAA, 

14.8 

17.4 

18.0 


11.6 

8.0 

67 

10.0 

7.6 

8.1 

59 

EAA, 

13.9 

16.0 

16.4 


11.6 

10.9 

61 

11.5 

9.4 

7.8 

122 

EAAi 

13.6 

15.2 

13.7 

0.1 

13.7 

14.1 

76 

9.8 

9.2 

6.1 


was not in complete isotopic equilibrium even after 59 days. The ob- 
serv'ed values for skeletal muscle were increased to the values expected at 
isotopic equilibrium bj' use of a factor calculated from the data of Buchanan 
and Nakao (15) obtained from measurement of the fixed carbon content 
of whole tissues of animals exposed for v^arious periods. The accuracy' 
of this procedure is evidenced by the similarit}' of the corrected values and 
the uncorrected values obtained from the growing rat in which there can 
be no appreciable fraction of the protein which is not in isotopic equi- 
hbrium. 

Because intestinal and skeletal muscle protein, although differing greath" 
in turnover rate, differed less than 10 per cent in the fixed carbon fraction 
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of their amino acids, and because an occasional value is missing or was 
equi’smcal, the numbers have been averaged and are reported as a single 
value. 

Although some of the amino acids displayed an abundance of fixed 
carbon, this in no way implies that there is a net gain in carbon through 
fixation of carbon dioxide in animals as there is in plants. The experi- 
ments measure only the obligatory participation of carbon dioxide in the 
reactions which lead to the formation of a number of compounds. Nor 
does the increased fixed carbon fraction of a tissue amino acid in its absence 
from the diet necessarili/ indicate an increased fixation of carbon dioxide, 
because we may now be obseiA’ing the normal fixation rate as it is reflected 
in an amino acid undiluted by a dietary source. There is, however, some 
correlation between the level of an amino acid in casein, on the one hand, 
and the increase in fixed carbon fraction of the particular amino acid in 
the animal fed a diet free of the compound. For example, proline and 
glutamic acid are plentiful in casein, and, in their dietary absence, their 
tissue COz-derived carbon content increased 2- to 3-fold (Table III). 
Nevertheless, aspartic acid and arginine, although no more abundant in 
casein than are serine, glycine, or alanine, showed an increase in their 
fixed carbon fraction similar to that of glutamic acid and proline, whereas 
the CO 2 carbon content of the short chain amino acids was oiJj’’ slightly 
raised by a dietary deficiency (Table III). The slight effect of diet on the 
incorporation into serine and glycine is in agreement with the conclusions 
of Arnstein and Neuberger (16), who found that the daily synthetic rate 
of serine and glycine was 5 to 10 times the usual daily intake of these 
amino acids and that the rate was essentiallj’' independent of their level 
in the diet. The addition of 0.5 per cent of alanine to Diet EAAi had a 
doubtful effect on the fixed carbon fraction of alam'ne. 

It is also interesting to compare the level of COz-derived carbon in the 
amino acids isolated from liver with those from non-hepatic tissues. 
Whereas proline and arginine have similar fixed carbon fractions regardless 
of tissue source, hepatic serine, glycine, and alanine contain about one- 
third more COz carbon than their counterparts in muscle and intestine. 
By far the greatest difference between tissues was in the fixed carbon 
fractions of glutamic and aspartic acids and the guanidino group of arginine. 
When isolated from the liAmr, these amino acids contained almost twice as 
much fixed carbon as those found elsewhere. The lower fraction of fixed 
carbon in the guanidino group of arginine of the extrahepatic tissues 
compared to urea cannot be explained simply by relegating all synthesis 
of urea to the liver. Although these data seem to suggest a lower specific 
activity for isotopic COz in the non-hepatic tissues, this is unlikely. Buch- 
anan and Nakao (14) examined the fixed carbon content of a number of 
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bones from all parts of the body and found that the specific activities of 
new bone carbonate and urea were alike. We have also examined an 
independent site of CO 2 fixation, the C-6 position of ribonucleic acid 
adenine and guanine isolated from intestine and liver, and found its 
specific activity in both tissues to be identical with that of urea.^ 
Examination of the /3-carboxyl group of aspartic acid showed that the 
degree of randomization between the two ends of aspartic acid reaches a 
value which is quite constant among animals on essential amino acid 
diets (Table IV). The ratio of /3-carbox3'l to a-carboxyl was such that, 
in the rats fed the essential amino acid diets, 6 of 7 malate molecules 
formed ly CO 2 fixation were converted to the .ymmetrical compound, 


Table IV 

Jialio of Fixed Carbon in a- and 0-Carboxyl Groups of Aspartic Acid 


Diet 

Tissue 

I 

^-Carboxyl 

a-Carbox>'l 

Casein 

Liver 

1.63 


Intestine 

2.22 (1.92)* 

EAAi 

Muscle 

1.38 

EAAj 

tt 

1.38 

EAA, 

Liver 

1.2T 


Muscle 

1.27 

E.\A< 

Liver ! 

1.38 


Intestine 

1.38 


Muscle 

1.22 (1.33)* 


* Average. 


fumarate, before conversion to oxalacetate, while fewer than 5 of 7 formed 
in the casein-fed rat were so randomized. 

Upon degradation of the glutamic acid, it was found that over 99 per 
cent of the fixed carbon in this amino acid was in the a-carboxjd group, 
in accord with the known reactions of the lUebs cj'^cle (Table III). These 
results are in contrast, however, to the findings of Hill and Koeppe (17) 
who report haAung observed as much as 20 per cent of the total fixed 
carbon of glutamic acid in the remainder of the molecule. In our rats, at 
least, it seems clear that there is neghgible reversal of the a-ketoglutarate 
oxidation step. Furthermore, none of the other reactions, which in 
bacteria (18) or in hen oviduct (19) lead to non-a-carboxjd labeling of 
glutamic acid from appears to occur in our animals. 

Glutamic acid is now presumed to be the precursor of the carbon chains 
of proline and the ornithine moietj-- of arginine, and it seems to be the 

’ R. W. SB-ick, D. T. Handa, and A. L. Koch, unpublished data. 
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sole precursor in tlic extrahcpaiic tissues examined. In liver, however, 
the discrepancy between tlic fixed carbon fractions of proline and orni- 
thine and of glutamic acid suggests tliat some other, unlabeled, compound 
(for example, histidine or lysine) may also serve as a precursor of these 
two amino acids. 

The high level of CO 2 fixation into aspartic (and glutamic) acid of the 
rat fed Diet EiVAo dc.seinms some comment. Since the fixed carbon frac- 
tion of this amino acid in liver (47 per cent) represents an average of two 
positions, the real fixed carbon content of aspartic acid is 94 per cent. 
In other words, there is nearly 1 mole of fixed carbon per mole of di- 
carboxyHc acid in the liver of tin's animal. Since oxalacetate that has 
been formed by the reactions of the Ki'cbs c 3 ’’cle contains no fixed carbon, 
it seems clear that only a very small fraction of the total oxalacetate 
present was regenerated through the reactions of the ICi'ebs cjmle. 

SUMMARY 

The fixed carbon fraction of the non-essential amino acids of liver, mus- 
cle, and small intestine has been measured in the rat, in the presence and 
absence of a dietary supply of these compounds. The level of incorpora- 
tion of C02-derived carbon is 2 to 3 times as high in proline, arginine, and 
glutamic and aspartic acids when these amino acids are omitted from the 
diet. Only a small increase in fixed carbon was observed in serine, glycine, 
and alanine under these conditions. It was also obsen^ed that hepatic 
proline and arginine seem to have some precursor other than, or in addi- 
tion to, fiepatic glutamic acid, and that the rat is capable of synthesizing 
much more than catalytic amounts of the dicarboxjdic acids from carbon 
dioxide and triose when necessary, 
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CONSTITUTION OF THE HYDROXYSULFAPYEIDINE 
ISOLATED FROM DOG URINE 


Bt JOHN V. SCUDI AKD SCOTT J. CHILDRESS 
(From the Research Deparlmcnt, Wallace and Ticrnan,Inc., Belleville, New J ersey) 

(Received for publication, June 7, 1955) 

Shortl}' after the introduction of sulfapj'ridine into clinical use, Antopol 
and Robinson ( 1 ) described the occurrence of renal lithiasis in experi- 
mental animals which received the drug. The uroliths were shown to be 
composed of tY'‘-acet3dsulfapjTidine mixed ndth smaller amounts of the 
unchanged drug. Further study of its urinar}' excretion in the dog dis- 
closed the presence of a h3-droxj'sulfapjTidine and a water-soluble hj'droxj'- 
sulfapj-ridine glucuronide (2). 

Weber el al. ( 3 ) repeated the isolation of the hj'drox3-sulfap3Tidine from 
dog urine and demonstrated oxidation of the p3'Tidine ring b3' h3'drol3’zmg 
the metabolite to sulfanilic acid and an unidentified aminoh3'drox3'P3Tidine. 
It was suggested ( 4 ) that the h3'drox3’l group of the h3'drox3-sulfap3Tidine 
might be in the 3 position of the p3Tidine ring. iMore recentl3', Bra3' et al. 
( 5 ) concluded from chromatographic stud3' and color reactions that cleav- 
age of the h3’drox3’’sulfap3Tidine gave an aminoh3'drox3’p3Tidine which was 
not one of the known aminoh3’drox3'p3'ridines, and b3^ a process of elimina- 
tion the3' assigned to the derivative the structure 2-amino-5-h3’-drox3-p3Ti- 
dine, although the3'' were unsuccessful in their attempts to S3’nthesize it. 

In order to establish more conclusive^ the structure of the 5ulfap3Ti- 
dine excretion product, we have now prepared the 2-amino-5-h3'drox3’- 
pyridine b3'^ wa3’- of a Curtius reaction from 5-h3^drox3'picolinic acid. 
The 3-h3’^drox3'-- and the 6-h3^drox3’-2-aminop3Tidiiies were also S3Tithesized 
for comparative purposes. Reaction of the amiiioh3'drox3'p3’ridmes with 
2 equivalents of acet3’'lsulfanil3'l chloride 3delded the corresponding acet3'I- 
sulfanilamidop3Tid3d acet3dsulfanilates. Alkaline h3'drol3'sis, used to re- 
move the acetyl groups and to cleave the sulfanilic acid ester linkage, 
liberated the h3^drox3’-sulfap3’Tidines. In order to confirm the structure 
of the metabolite, a sample was isolated from dog urine for compari- 
son with the S3'nthetic products. 

EXPKEUMENT.VL 

Methyl 5 -Hydroxypicolinate — ^A solution of 40.5 gm. of 5-h3-droxypicolinic 
acid (6) in 160 gm. of methanol containing 22 gm. of HCl was heated under 
a reflux overnight and then concentrated to 40 ml. in vacuo. The residue 
was dissolved in 150 ml. of water and treated with NaHCOj. The 3’ield 
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of crude while solid (ni.p. ]ni-195°)* was 33 gm. From the filtrate, 6 
gm. of 5-li3’-dimypicolinic acid were recovered. When reciystallized from 
methanol, the product melted at in3,5-]05.5°, 

C7II7O3N. Calculated, N 9.2; found, N 9.0, 9.1 

S-Hydroxijpicolitiic Acid Ilijdrazide — ^I'o 32 gm. of melhyl o-lydrox}'^- 
picolinate was added a solution of 30 ml. of NHoNHo-IFO in 75 ml. of 
water. The solution was warmed and allowed to ciystallize. After 
neutralizing the solution, 32.5 gm. of white ciy.stals were filtered off. 
When reciystallized from water, the 5-h3'-drox3’-picolinic acid h 3 'drazide 
melted at 270° (decomposition). 

CCH 7 O 2 N 3 . Calculated, N 27.4; found, N 27.8 

2-Amino-5-lnjdrox]jpyridinc Hydrochloride— A solution of 8 gm. of 
5-hydrox3'’picolinic acid ly'-drazide in 100 ml. of ethanol was treated with 
5 gm. of dry HCl. At room temperature, a single portion of 5.5 gm. of 
n-butyl nitrite was added, followed b 3 '’ sufficient additional nitrite to 
produce a positive test for nitrous acid. The mixture was warmed until 
the solid dissolved and was then quickly chilled. Addition of 100 ml. of 
ether served to hasten crystallization of 9.3 gm. of the azide hydrochloride. 
This material exploded at 154°. It was suspended in 100 ml. of toluene 
and refluxed until gas evolution stopped. The dark green isoc 3 ’'anate was 
separated and transferred to 50 ml. of 20 per cent HCL After being re- 
fluxed until no more gas was given off, the solution was concentrated to 
dryness in vacuo. Solution of the residue in ethanol, treatment with 
charcoal, and precipitation udth ether 3 delded 5 gm. of crude product 
(m.p. 100-110°). Several ciysta]]izatioj}s from ethanol-ether gave the 
pale yellow crystalline 2-amino-5-h3'-drox3’'P3n'idine hydrochloride which 
melted at 124-126°. (Weber ei al. (3) reported a melting point of 126° 
for the compound obtained by hydroWzing the su]fap 3 a’idine metabolite.) 

CsHcONo-HCl. Calculated. C 41.0, 41 4.S, N 19.1 

Found. “ 41.0, “ 4.7, “ 19.2, 19.0 

A purple color formed with ferric chloride and the indophenol test was 
positive. 

2-Anvino-S-hydroxypyridine Hydrochloride — This compound, m.p. 194- 
197°, Avas prepared according to Bray et al. (5). 

CsHcONs-HCl. Calculated, N 19.1; found, N 18.9, 18.6 

2-Amino-6-hydroxypyridim Sidfaie — This compound, m.j). 228° (de- 
composition), Avas prepared according to Titov and Levin (7). 

C 5 H 60 N 2 -iH 2 S 04 . Calculated, N 17.6; found, N 17.S, 17.S 

A All melting points are corrected. 
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2-Ajtiino-S-pijndyl Accli/lsulfa7iilatc — ^To 10 gm. of 2-amino-3-hyclroxy- 
pjTidine li3’-drocliloride in 20 nil. of pj'ridine were added 16.5 gm. of acetj-l- 
sulfauilyl chloride. After the mixture had cooled, 400 ml. of water were 
slowlj' added. The product, 17.9 gm., was soluble in dilute HCl but 
insoluble in NaOH. The white compound, from ethanol, melted at 
IST.d-lSO'. 

Cj 3 HijO<N;S. CalcuLated, N 13.7; found, N 13.4, 13.5 

2-AcctylsulfamIamido-S-pyridi/l Acclylsidfanilatc — A solution of 17.8 gm. 
of crude 2-amino-3-p3*ridj'l acet3'lsulfanilate in 35 ml. of p3Tidine was 
treated -nitli 15 gm. of acet3dsulfanil3'l chloride at 60° for 10 minutes. 
The cooled mixture was diluted with 300 ml. of water to give 24.2 gm. of 
h3'drated material. The product was dissolved in iSaOH solution, treated 
with charcoal, and reprecipitated. The white cr3'stalline material melted 
at 259°. 

Ci.HjoOjNiS;. Calculated, N 11.1; found, N 11.2, 11.3 

2-Acetylsidfanilamido-5-pyndyl Acetylsidfanilate — ^Acet3isulfanil3i chlo- 
ride (45 gm.) was added to a solution of 14.5 gm. of crude 2-amino-5- 
h3'drox3'p3nidine h3’drochloride in 75 ml. of p3'ridine. The temperature of 
the solution was maintained at 65° for 10 minutes. The solution was 
cooled and poured into a mixture of 100 ml. of HCl and 400 ml. of water. 
The solid was separated, reprecipitated from NaOH with acetic acid, and 
then cr3’stallized from ethanol. The gra3' powder (10.5 gnr.) melted at 
242°. Recr3’stallization from ethanol gave a white powder which melted 
at 244r-246°. 

C 3 iII;o 07 N 4 S 2 . Calculated, N 11.1; found, N 11.0 

2-Acelylsidfanilamido-6-pyridyl Acetylsidfanilate — ^This compound was 
prepared from 2-amino-G-h3'drox3T>3'ridine sulfate according to Phillips 
(8). The product was not purified, but was used directh' in the In'droMic 
procedure. 

S'-, o’-, and 6’ -Hydroxysulfapyridines — ^The acet3dsulfamlamidop3’rid3'l 
acet34sulfanilates were h3'drol3"zed in boiling 20 per cent NaOH for 2 
hours. The 3'-h3'drox3'sulfap3'ridine, reciystallized from 50 per cent 
acetic acid containing a trace of etln'lenediaminetetraacetic acid to remove 
a green color, melted at 207-209° and had a pK„ of 7.6. 

CiiHnOjNjS. Calculated. C 49.S, H 4.2, X 15.S 

Found. " oO.O, “ 4.1, “ 15.7, 15.9 

The 6'-hydrox3'sulfap3^ridine melted at 234-235°. Phillips (8) reported a 
melting point of 239-240°. 

CiiHiiOjXjS. Calculated, X 15.S; foiind, X 15.S, 15.S 
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The 5'-hydroxysiilfapyricline crystallized from water as a white hemi- 
hj^’drate which dehydrated slowlj’’ above 120°. 

CnHnOsNjS-^HsO. Calculated. C 48.2, II 4.4, N 15.3, IhO 3.3 
Found. " 48,4, " 4.4, " 15.4, " 3.7 

When dried m vacuo over phosphoius pento.vide at 100°, the product 
melted at 191.5-192.5°. The pK„ was 7.5. 

CuHiiOaNaS. Calculated, C 49.8, H 4.2, N 15.8; found, C 49.8, H 4.1, N 15.6 

The product gave positive ferric chloride and diazo tests and a positive 
indophenol reaction. The ultraviolet absorption spectra at pH 7.0 of 



Fig. 1. Ultraviolet absorption of 5'-hydroxysulfapyridine (Curve 1), sulfapyri- 
dine (Curve 2), 3'-hydrox3'^sulfapyridiiie (Curve 3), and 6'-h3'^dro.\’ysulfapyridine 
(Curve 4) at pH 7.0. 

sulfapyridine and the three hydroxysulfapyridines are shovai in Fig. 1. 
Introduction of the hydroxyl groups most markedly influences the absorp- 
tion in the near ultraviolet. These curves suggest that the 5'-hydroxy- 
sulfapyiidine is the metabolite, but quantitative agreement 3 vith the 
curve published earlier (1) is not good. B 3 '- varying the pH, a family of 
curves was obtained with 5'-hydroxysulfapyridine (Fig. 2), The curve 
recorded at pH 4.0 is in satisfactory agreement with the earlier one, al- 
though the fine detail at the maximum could not be demonstrated with 
the simpler Beckman apparatus used in the present study. The isosbestic 
points common to Curves 1, 2, and 3 at 2760 A and 3100 A indicate, we 
thinlc, anionic dissociation of the sulfonamide which has a pKa of 7.5. 
Curves 4 and 5 do not pass through these points because in these more 
acidic solutions a third molecular species, presumably a cation, is fonnod. 
At pH 12 (not shown in Fig. 2) the maximum is shifted to 2520 A and the 
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e X lO^* is increased to 2.5S as a result of dissociation of the phenolic 
group. 

Isolation of Metabolite from Dog Urine — Urine,- obtained from a dog 
which received 3.5 gm. of sulfapj'ridine per da}-, was filtered, acidified m'th 
acetic acid, and extracted three times with equal volumes of butanol. 
The butanol extracts were discarded and the urine was treated with lead 
acetate to maximal precipitation. The precipitate was discarded, and the 
filtrate was made alkaline. The basic lead precipitate was suspended in 
water and the lead was removed as the sulfide. The filtrate was concen- 
trated and refluxed in the presence of 10 per cent NaOH for 5 hours. The 
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Fig. 2. Ultraviolet absorption of o'-hydroxysulfapyridine at varj-ing pH values. 
Curves 1 to 5 were taken at pH 9, 7, 4, 2, and 1, respectively. 


cooled solution was acidified, and the precipitated hydroxj'sulfapyTidine 
Avas recrystallized from 50 per cent alcohol and from water. The product 
was isolated as white bj'drated ciystals which dehydi-ated slotvh* above 
120°. When dried in vacuo over phosphonis pentoxide the melting point 
was 191.5-192.5°. Weber et at. reported a melting point of 190°. 

CiiHnOjN'jS. Calculated, C 49.S, H 4.2, X 15.S; found, C 49.7, H 4.2, X 15.6 

As reported earher (4), the product gaA'e a positive indophenol reaction 
when the test was performed as described (9). The blue color remained 

= Limited study of a urine sample by means of paper chromatography indicated 
the presence of unchanged sulfapyridine, small amounts of 5'-hydroxysulfapyridine, 
and large amounts of a water-soluble conjugate. Chromatographicallv, the conju- 
gate appeared to be a mi.xture, but in our hands hydrolysis has liberated only 5'- 
h}-dro.\-ysulfapyridine . 
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in the aqueous phase. In view of this test, wliich is generally assumed to 
be given only bj’- phenols unsubstituted in the para position, and in analogy 
mth the excretion of 3'-h3^drox3'sulfaquinoxaline (10), a tentative struc- 
ture, 3'-hydroxysulfapyridine, Avas suggested (4) for the sulfapyridine 
metabolite. It is noAV demonstrated that the metabolite is, in fact, the 
5' isomer. The melting point of the metabolite Avas not depressed Avhen 
it AA^as mixed Avith S 3 mthetic 5'-hydroxysulfapyridine. The ultraviolet 
absorption spectra of the metabolite and the S 3 mthetic product at pH 7.0 
Avere identical (Fig, 3). 



TllM 240 260 280 300 320 340 


Fig. 3. The ultraviolet absorption of 5'-hydroxj"sulfapyridine in a phosphate 
buffer at pH 7.0. Curve 1, product isolated from dog urine; Curve 2, synthetic 
product. 


SUMMARY 

2-Amino-5-hydroxypyridine has been prepared by way of a Curtius 
reaction from 5-hydroxypicolinic acid. This derivative was converted to 
the acetylsulfanilamidopyridyl acetylsulfanilate, which was in turn hy- 
drolyzed to yield 5'-hydroxysulfapyridine. The 3'- and the 6'-hydroxy- 
sulfapyridines Avere similarly prepared. Comparison of the physical and 
chemical properties of these synthetic products Avith the metabolite isolated 
from the urine of dogs fed sulfapyridine established the structure of the 
metabolite as 5'-hydroxysulfapyridine. 
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THE EFFECT OF COBALT ON HEME SYNTHESIS BY BONE 
AIAEROW IN ^TTRO* 

Bv IMITSUKO TASHIRO LAFORETf and E. DOXNALL THO^L^ 

(From the Department of Medieine, Harvard Medical School, and the Peter 
Bent Brigham Hospital, Boston, Massachusetts) 

(Received for publication, June 13, 1955) 

Since the demonstration by Waltner and Waltner (1) that cobalt nill 
produce a polj'cj'themia in rats, this effect has been produced in r-arious 
other laboratorj' animals and human beings. However, the mechanism 
by which cobalt produces erythroid hj-perplasia of the bone marrow re- 
mains obscure. This unique action of cobalt continues to be of interest 
because of its importance in leading to a better understanding of erj-thro- 
poiesis and because of the possible therapeutic role of cobalt in various 
anemias. 

There have been a number of attempts to e.vplain cobalt polj'cj'themia 
in terms of an anoxic mechanism (2). Barron and Barron (3) obseiwed an 
inhibition of the respiration of immature red cells bj' small amounts of 
cobalt. They concluded that this inhibition led to premature release of 
jmung red cells into the circulation and hence to polj'cj’ihemia. However, 
Warren et al. (4) were not able to confirm these findings. They obseiwed 
that cobalt in concentrations of ICM to 10"= M did not interfere with the 
respiration of bone marrow or reticuloc 3 des in vitro unless the concentra- 
tion was as high as 0.01 m. 

Attempts have been made to link cobalt with the.cj'tochrome sj'stem of 
biolopcal oxidation. Schultze (5) noted a close relationship between the 
cj'tochrome oxidase actirdty of the bone marrow and the abilitj’- to form 
hemoglobin. Levej^ (6) gave intravenous injections of cj'tochrome c to 
cobalt-polj^cjdhemic rats, but failed to abolish the polj'cj'themia. How- 
ever, it was pointed out that cj'tochrome c administered intravenouslj' 
does not appear in tissue cells. 

Although the hj-pothesis that cobalt produces cellular anoxia is an 
attractive one, the experimental e%'idence does not justifj' such an as- 
sumption. Attempts to explain cobalt polj'cj'themia in terms of cellular 
bone marrow anoxia are made difficult bj' the fact that anoxia itself has 
not been shown to stimulate bone marrow directlj’’ (7). 

The development of a method for measuring hemoglobin sjmthesis bj' 
bone marrow in vitro bj' measuring the rate of incorporation of radio- 

* Supported by a grant from the William E. Milton Fund of Harvard University. 

t Research Fellow of the Js'ational Heart Institute, Public Health Service. 
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active gl 3 ’'cinc into hcmc has pro\aded a new technique for studying the 
mechanism of action of cobait (S). The rate of heme synthesis is only 
one part of the process of eiythropoiesis, but it is a specific function of 
eiythroid cells. This approach is more indicative of eiythropoiesis than 
studies based on oxygen measurements alone, as it has been noted that 
heme synthesis and ox^’-gen consumption are not alwaj^s parallel (8). In 
this investigation the effect of cobalt on bone marrow in vitro was studied 
by the simultaneous measurement of heme sjmthesis and oxygen con- 
sumption. 


Method 

Rabbits weighing 4 to 5 pounds were used. The technique for pre- 
paring the marrow, incubating it with radioactive gl 5 ’'cine, and determin- 
ing the radioactivity of the hemin has alreadj’’ been described (8). 

Cobaltous chloride^ was dissolved in an aliquot of bicarbonate-free 
serum, and progressive dilutions were made with the same seiiim to give 
the final molarity desired. The pH of the seimm was adjusted to 7.35 to 
7.40 just before use. Each experiment lasted 10 hours, and the ox^’-gen 
consumption was measured for the first 3 hours. 

The gIycine-2-C^^ had a specific activity of 0.2 me. per mmole and a 
final concentration of 1.4 X 10~® m. In the experiment ivith a-C’^-acetate 
the specific activity was 0.02 me. per mmole, and the final concentration 
was 12.5 X 10"^ M. 

Oxygen consumption and hemin radioactivity were determined in 
duplicate and averaged. The results were expressed as the per cent of 
the control without cobalt. 


Results 

Five experiments were carried out on normal bone marrows which con- 
tained 26 to 52 per cent erythroid cells (Fig. 1). There was no effect of 
cobalt on heme synthesis until concentrations of approximately 10”^ M 
were reached, at which point inhibition began and was complete at 10'- 
M. There was no significant effect of cobalt on oxygen consumption at 
concentrations up to 10”- m. At no cobalt concentration was there a 
significant stimulation of oxygen consumption or heme synthesis. 

Cobalt is known to form complexes with manj^' substances, including 
amino acids (9). The observed inhibition of heme s 3 mthesis b 3 ’' cobalt 
could be an artifact produced by complex formation between cobalt and 
the radioactive glycine. Acetate, as well as gh’-cine, is a heme precursor 
(10), but does not form complexes with cobalt. Therefore, two experi- 
ments vith radioactive acetate rather than glycine were earned out. 

1 Courtesy of Lloyd Brothers, Inc., Cincinnati 3, Ohio. 
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The results obtained wth acetate were very similar to those in which 
glycine was used (Fig. 1). 

The dissociation of oxygen consumption and heme synthesis produced 
bj' cobalt could be due to a differential effect on the eiythroid as com- 
pared to the myeloid cells. Three experiments were performed on mar- 
rows containing 70 to 7S per cent erjdhroid cells obtained from rabbits 
given acet 5 dphenj'lhj'-drazine. The results still showed a dissociation of 
oxj’-gen consumption and heme synthesis essentially identical uith those 



Fig. 1. The data are expressed as per cent of the control serum rcithout cobalt. 
O, normal marrow with glycine-2-C“; •, normal marrow with a-C^-aeetate; Xj 
erj'throid marrow with glycine-2-C“. The curve is drawn through the data for the 
normal marrow with glycine-2-C“. 


of the normal marrow (Fig. 1), except at a cobalt concentration of 10“- 
M, at which there was perhaps a greater inhibition of oxygen consumption. 

niscussiOK 

It has been reported that the normal level of cobalt in human serum is 
approximately 10~® m (11). The seram level of cobalt in cobalt poly- 
cythemia has not been measured with accuracj’’, but is probablj'- 10~= m 
or less (12), If cobalt stimulates bone marrow directly, a zone of stimu- 
lation should be found between 10~^ and 10~® m. Our experiments in the 
range from 10“= to 10~= ji failed to show stimulation of heme synthesis or 
oxygen consumption. Such a failure suggests that cobalt does not have a 
direct effect on the bone marrow. However, these experiments do not 



598 


KFFECT OF COBALT ON JIEME SYNTHESIS 


exclude Ihis possibilif.y. J( may he Hint coball stimulates some phase of 
crylhropoicsis olher Ihaji heme s 3 uilhcsis. For instance, stimulation of 
cell proliferation -would not be delccled in experiments of 10 hours dura- 
tion, such as those. It mnj' be Hint cobalt in vivo is converted to a bio- 
logically active complex wliich acts directlj^ on the bone marrow. 

The most important observation here i.s that cobalt at concentrations 
greater than 10~-' m inhibits home .s^mthesis, but does not interfere with 
oxygen consumption until concentrations of 10~- m arc reached. The fact 
that cobalt “poisons” hemoglobin .s3’-nthesis at concentrations well below 
those -which inhibit o.xygen consumption would seem to e.xclude the 
possibilit 3 ^ that cobalt can cause pol 3 '-C 3 ’-themia b 3 ^ a mechanism of bone 
marrow' anoxia. 

SUAIMARY 

The effect of cobalt in vitro on bone marrow was studied b 3 ^ measuring 
ox 3 ’-gen consumption and heme s 3 ''nthesis simultaneousl 3 ''. 

Cobalt in concentrations of 10~- to 10~® m did not stimulate either 
oxygen consumption or heme synthesis. 

Cobalt at concentrations greater than 10"* i\r inhibits heme s 3 mthesis, 
but does not interfere with o.\' 3 ’-gen consumption until concentrations of 
10“2 M are reached. This is interpreted to mean that cobalt does not 
produce polyc 3 '-themia by a mechanism of bone marrow' ano.xia. 
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]\IETABOLISM OF PYRTOC ACID-2-C» -AXD HYDROXYPYRimC 

ACID-2-C« IN ALGAE* 

Bv GERARD lillLHAUD.t A. A. BENSON, t and MELVIN CALVIN 

(From ihc Radiation Laboratory and the Department of Chemistry, University 
of California, Berkeley, California) 

(Received for publication, April 22, 1955) 

The metabolism of pjTuvic acid in the light and dark bj* Scenedesmits 
has been examined ndth two aims: to stud}" the relationship of its metabo- 
lism to that of the intermediates of C‘^02 fixation and to compare its meta- 
bolic fate with that of hydroxyp}'TUYate. 

The metabolism of h}'droxyp}Tuvic acid was compared with that of 
fixation in order to ascertain whether it might be a photos}'nthetic 
intermediate or a substrate for the enz}’me systems present. Since phos- 
phohydrox}"p}'ruvate is a possible carboxylation product of ribulose di- 
phosphate, the metabolism of the free acid was considered of interest. 
Stafford et al. (1) obsen'ed high n-glyceric acid dehydrogenase acti^aty in 
a variety of leaves and suggested the possibility of its function in pentose 
phosphate carboxylation. The present work suggests rather that h}"- 
drox}"pyruvic acid may act largely as a substrate for transketolase or a 
hydro.x}"pyruvic acid oxidase (2). 

P}Tuvate-2-C“ and hydrox}"p}Tuvate-2-C'^ were prepared on a small 
scale. The green alga, Scenedesmits, was allowed to photos}uithesize in the 
presence of these substrates at low pH consistent with optimal assimilation 
of relatively strong organic acids. The products formed in the algae 
during light and dark periods were examined by two-dimensional paper 
chromatography. 


EXPERIJIEXTAL 

Pyruvic Acid-2-C^^ — Carbonyl-labeled p}’Tuvic acid was s}Tithesized 
according to the method of Anker (3). Sodium acetate was converted to 
acetyl bromide by heating over benzo}d bromide (4). The acetyl bromide 
Avas distilled in vacuo and converted to acetyl c}"amde upon standing at 
room temperature over cuprous cyanide. An ethereal solution of acetyl 
cyanide saturated with hydrogen chloride was h}'drolyzed during 30 min- 

* The ork described in this paper was sponsored by the United States Atomic 
Energy Commission. 

t Present address, Laboratoire des Isotopes, Institut Pasteur, Paris, France. 
French Cultural Relations Fellow, 1953. 

J Present address. Department of Agricultural and Biological Chemistry, Penn- 
sylvania State University, University Park, Pennsjdvania. 
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iilos at 0° 63’’ addition of tlic theoretical amount of water to ciystalline 
P3’Tuyamidc. Tliis was li3'drol3'zcd 1 o p3'nivie acid wliich was stored as the 
ciystalline sodium salt. Its .specific activit3'’ was 17.5 pic. per mg.; the 
theoretical value, based upon the barium carbonate used, was 18.2 nc. per 
rag. 

Chromalogra'phy of Pyruvic Acid-2-Q '^ — The labeled pyruvate gave one 
major spot containing 98 per cent of the radioactivity with Pf 0.59 in 
phenol and Pr 0.43 in butanol-propionic acid solvent. The minor spot 
with Pf 0.25 X 0.35 accounted for no more than 1 per cent of the total 
activit3\ 

Light Metabolism of Pynwate-2-C^'' by Scenedesmus — 1 da3’'-oId Scenedes- 
vius was suspended in fresh nutrient (10 per cent suspension) and acidified 
to pH 3.5 with dilute liCl. After 15 minutes of photos3mthesis in air, 1.0 
mg. (17.5 /xc. per mg.) of p3’-nivic acid per 100 mg. of cells was added and 
the air stream was continued for the duration of the fixations until the 
algae Avere rapidl3’' filtered (3 seconds) through Celite and killed Awth hot 
80 per cent ethanol. The solid remaining was extracted with 100 per cent 
and 20 per cent ethanol. The extracts were combined and concentrated. 
In a 45 minute light experiment at pH 3.5, 13 per cent (660,000 c.p.m.) of 
the pyruvate was fixed in the soluble fraction (Fig. 1), Avhile in a 40 minute 
dark fixation (Fig. 2) 7 per cent was fixed in this fraction. It would ap- 
pear that CO2 fixation in the light diminished the total fixation of py- 
ruvic acid and diluted the labeled reservoirs of intermediates. 

The concentrated extracts AA^ere chromatographed tAA^o-dimensionally 
and radioautographs Avere prepared. The products obseiwed in the radio- 
autographs of seAmral 35 to 45 minute light fixation experiments were the 
same. The lipides contained a major fraction of the radioactivity; glu- 
tamate had over 2 times as much as any other single product. Other 
products included aspartate, malate, glutamine, succinate, phosphate es- 
ters involved in hexose synthesis, sucrose, alanine, serine, glycine, and cit- 
rate AAuth radioactiAuty decreasing in that order. No appreciable amount 
of glycolic acid appeared. Sucrose AA^as hydrolyzed and the products Avere 
cochromatographed Avith carrier fructose and glucose. Although the 45 
minute light fixation included some pyruAmte, its presence Avas apparently 
due to incomplete Avashing of the cells. 

A marked difference AA^as observed in the lipide and phospholipide areas 
from the light and dark fixations. 3 times as much lipide were formed in 
the light (3200 c.p.m., 35 minutes) as in the dark (1100 c.p.m., 40 minutes), 
although glutamic acid AA^as labeled to the same extent in both cases. The 
phospholipide areas from chromatograms of both experiments had ap- 
proximately equal radioactiAuties (1500 c.p.m. dark, 1600 c.p.m. fight). 

A more hydrophilic group of substances associated chromatographical]3^ 
AAUth the sulfolipides (lower Rf than phospholipides) had one-fourth as 
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Fig. 1. Products of light metabolism of acid-2-C*-*. The chromatogram 

was developed to the left in phenol and upwards in butanol-propionic acid. 
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Fig. 2. Products of dark metabolism of p\-ru\'ic acid-2-C'L PGA = phospho- 
glyceric acid. 
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much activity as tlic fats and was not 


significantly diffnrc.nt with illumina- 


tion. 

It is apparent from a comparison of these radiographs with those of nor- 
mal C"C)rIaI)cled photo.synthe.sis intermediates that sucro.se and its phos- 
phovylated precursors have a much lower specific activity than do gluta- 
mate and a.spartate. This would infer a dilution of the sugar intermediates 
by non-Iaheicd COj and polysaccharide reservoirs. In the light, .such di- 
lution does not seriouslj’ affect incorporation of p3'nivate-2-C‘'* into tri- 
carboxjdic acid cycle intermediates. 

Da7'k Metabolism of P!jnwa(e-2-C ^' — Dark metabolism of pyruvate-2-C'^ 
differs markedl 3 ’- from that of C'O;. The products (Fig. 2) include many 
of those characteristic of C'Oo photo.s 3 mthesis, in addition to those respi- 
ration intermediates which become labeled bj' exchange in dark C'^Os fix- 


ations (5). 

The products seen in the radiographs included sucrose and hexose phos- 
phates in quantities exceeding those formed with C^-^Oo in the dark. Su- 
crose was identified bj^ h 5 ^drolysis and cochromatographjn Monophos- 
phates of galactose, mannose, glucose, and fructose were identified by 
phosphatase hydrolysis and cochromatography of the free hexoses. The 
products differed strikingly from those of photosynthesis in that neither 
sedoheptuiose monophosphate nor ribulose diphosphate was observed. 
Uridine diphosphate glucose Avas observed and contained the major 
amounts of labile glucose phosphate. Lipides were observed but not in 
the considerable amounts formed in the light. 

Bi'omopiyruvic Acid-2~C ^^ — The preparation, described b^'' Sprinson and 
Chargaff (6), was adapted to small scale reactions. Pju’uvic acid is con- 
verted to the corresponding bromop^'Tuvic acid and the bromopjn’uvic 
acid is hydrolyzed just before use to the h 3 ^drox 3 ’'pyruvic acid. To 130 
mg. of pyruvic acid at 50°, 244 mg. of liquid bromine were added. As the 
reaction starts, the bromine disappears and h 3 rdrobromic acid is formed. 
The mixture was placed in a vacuum desiccator over moist sodium hy- 
droxide pellets and the solvent Avas remoAmd by suction. Bromopyruvie 
acid ciystallized and 190 mg. AA^ere recovered after drying (equivalent to 
77 per cent). The bromop 3 a’UAdc acid had a specific activit 3 '^ of 10.5 ± 1 
/ic. per mg. compared to the calculated 11.5 /xc. per mg. The dilution may 
be due to the formation of some dibromopyruAuc acid. 

Paper Chro^natographij of Bromopyruvie Acid — Ciystalline bromop 3 ’’ruvic 
acid gave a single spot Avhen i*un in phenol {Rr 0.49) and butanol-propionic 
acid {Rf 0.65) on Whatman No. 4 paper. When made alkaline, lydroxy- 
P 3 a’UA'ate appeared at once. In the presence of sodium ion, bromop 3 n-u- 
vate solutions Avere observed to form double spots upon phenol develop- 
ment on Whatman No. 1 paper. 
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ChroinalograpMc Properties' of Ihjdroxijpijriwic Aci(i-2-C'^ — Broniopy- 
nivic acid was hydrolyzed in dilute alkali as done b}' Sprinson or in phos- 
phate buffer when small quantities of radioactive material were involved. 
Three major labeled products resulted when bromopymvic acid was 
hydrolyzed in mild alkali. When the bromo acid ivas hydrob'zed with 
0.1 X sodium hydroxide bj’ slow addition to maintain pH 7 to 8, the radio- 
graph had four spots with Pr values in phenol and butanol-propionic acid 
as follows; for Spot A, 0.15 X 0.35; Spot B, 0.31 X 0.38; Spot C, 0.31 X 
0.64; and Spot D, 0.44 X 0.64. Spots A and B (hydimypj-mvate) con- 
tained over SO per cent of the C'^. From the slight streaking observed in 
the second (butanol-propionic acid) direction and the identitj" of Spot C 
(bj' cochromatograplu') with bromopj’ruvate, it ma 3 ' be concluded that 
residual bromopi'invate had been h 3 ’drol 3 'zed upon diying the phenol or 
upon acidic action b 3 - propionic acid to give a good 3 'ield of h 3 'drox 3 Ti 3 nu- 
vate. 

H 3 'drolysis in phosphate buffer at pH 6.0 gai-e h 3 'drox 3 'P 3 TUvate and 
gl 3 'colate with veiy little residual broniop 3 ’ruvate. The phenol Rf values, 
of course, were changed somewhat with the pH. Spot D has been identi- 
fied as gl 3 'colic acid. This apparentl 3 ' arises from decarbo.xylation of 
tartronic acid semialdeh 3 'de followed b 3 ' air oxidation. 

Both bromop 3 Tuvate and h 3 'drox 3 'P 3 'ruvate give single spots after treat- 
ment of the solution with Dowex 50 cation resin to remove sodium ion. 
No evidence for separation of tautomers (dih 3 'dro.x 3 mciylic acid and tar- 
tronic acid semialdeh 3 ’'de) during chromatograph 3 ’' was observed. The 
major radioactive components are shown in Fig. 3. 

Photosynthesis ivith Hydroxy pyruvic Acid-2-C'^ by Scenedesmus — ^Previous 
experience with gl 3 ’colic and formic acid feeding experiments in this labo- 
rator 3 ^ suggested that a low pH would favor assimilation of the labeled 
substrate. A 3 hour and a 40 minute photos 3 mthesis ndth dark fixation 
controls was performed nith Scenedesimis at pH 3.5. The radioactii'it 3 ^ in 
the soluble products was one-third to one-fourth of that fixed in the corre- 
sponding experiments ■ndth p3’^ruvate-2-C*^. The presence of residual bro- 
mop 3 Tmvate in the substrate suggested a possible inhibitoiy effect analo- 
gous to that of iodoacetate. Hence, C‘^02 fixations in dilute phosphoric 
acid (pH 3) were performed with or without h 3 ’drox 3 y 3 'ruvate prepared 
b 3 ’ identical h 3 'drol 3 'sis conditions from bromop 3 ’^ruvate. No significant ef- 
fect upon products of 1 minute C*‘'02 fixation b 3 ^ the possible bromop 3 ’Tu- 
vate contaminant was observed. 

The h3'drox3'p3'ruvate-2-C“ assimilations in the light in the presence of 
C02-free air gave low yields of labeled products. These included gluta- 

* The .authors .are indebted to 3Ir. R. .A. Sherrer for an examination of the chro- 
matographic properties of hydro.\>^Jyruvic acid. 
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inalo, aspartate, lipides, a?ul sucrose. In a (50 minute light c.xperiment, 
however an unusual amount of glycolic acid was observed, in addition to 
abnormally high glycine concmit rat ions anrl lesser amounts of serine, ala- 
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Fig. 3. Hydrob'sis products of bromopyriivic acjd-2-C*'* 
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nine, glutaniic acid, and phosphate esters (Fig. 4 ). No gb'ceric acid was 
obseiA’cd. 

Degradation of Glycolic Acid from Products of Ifi Minute Light Assimila- 
tion of Hydrozy-pynivate- 2 -C^^ in COi-Free AtV— Glycolate eluted from 
fresh chromatograms was degraded according to the method of Schou 
et al. ( 7 ).- The carboxyl carbon was found to have SO per cent and the 
a-carbon IS per cent of the total C'* in the starting acid. 

DISCUSSIOX 

The copious }'ield (~S 5 per cent) of carboxj'l-labeled glycolate from 
h3’drox}’P3'ru\’ate-2-C'^ is in accord with decarbo.xjdation b}' transketolase 
or hj'dro.xj'pjTuvic acid oxidase (S, 2 ), followed b}' oxidation of the glj'col}’! 
derivative to free glj'^colic acid, while the minor 3’ield of a-labeled gl3'colate 

H0CH^C*0-C00H HOCHr-C*OOH 

(~15 per cent) can be accounted for 63'' the non-eaz3Tnatic decarbox5da- 
tion which is obseiA'ed with preparations of h3'drox3'p3Tuvate. An3' reas- 

H0CHr-C*0— COOH ;=i OCH— C*HOH— COOH -h. 

COj + OCH— C*H50H HOOO-C*H.OH 

similation of C“02 from the oxidized substrate would have resulted in 
S3munetrically labeled gl3’'colate ( 7 ). Gl3'colic acid is readil3'- oxidized 
further in Scenedesmus and hence can ser\'e as a respirator3' intermediate. 

The rather slow obserx'’ed formation of carboh3'drates from h3'^droxyp3'- 
ruvate suggested that its aerobic metabolism 63’’ algae is Iargel3’- oxidative 
even though enzyme sy'^stems for its incorporation are present. Pynruvate- 
2-0^'* is converted to lipides and carbohy^drates at least 10 times faster than 
is hydroxyp3rruvate under comparable conditions. It seems unlikel3', then, 
that hydrox3’p3Tvivate is a normal intermediate or a source of gl3’'col3'l 
groups involved in carboh3^drate symthesis. 

The primary effect of light on p3’Tuxmte-2-C“ metabolism is on the rate 
of lipide synthesis. The rate of tricarboxy'^Iic acid cycle oxidation of 
pyruvate- 2 -C*^ is not completely’^ inhibited in the light. This suggests an 
independent tricarboxy’lic acid cycle metabolism for exogenous py’xuvate 
which proceeds at a similar rate in dark and light, while lipide formation 
is light-dependent. This appears contrary’- to previous obserN-ations of 
light inhibition of respiration of photosynthetic intermediates (9, 10), 
which was attributed to maintenance of thioctic acid in the reduced form 
incapable of pyruvate o.xidation. However, since a fraction of the thioctic 

= We are indebted to the kindness of Dr. E. M. Thain for the chemical degradation. 
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acid of the cell is not associated with llie chloroplasts, it is likely that a 
separation of oxidative sites allows cxtraciiloroplastic pynivate oxidation 
to proceed in the light as well as in the dark. The cqiialit}’' of light and 
dark respiration, observed b 3 ’' Brown (11) for organisms with highly or- 
ganized chloroplasts, apparently’ demands such an interpretation. 

.SU.MMAnY 

1. Pyruvic and hydroxypymvic acids are metabolized by Scenedesmiis. 

2. The products of metaboli.sm of pyruvic-2-C'* and h 3 ’drox 3 ’P 3 aTivic- 2 - 
0*“* acids are essentially’ identical to those of C ’'02 fixations. 

3. Lipides are rapidly’ formed in the light from both substrates. In the 
dark the major products are tricarboxy’lic acid cy’cle intermediates, 

4. It does not appear likely’ that free hy’droxy’py’ruvic acid is a photo- 
symthetic intermediate. 

5. Tricarboxylic acid cycle intermediates are formed from exogenous 
pyruvate as fast in the light as in the dark. 
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THE GROWTH RESPONSE OF jMAlMiMALIAN CELLS IN TISSUE 
CULTURE TO x-GLUTMIINE AND x-GLUTAMIC ACID 


Bt harry eagle, VAA'CE I. OYAAIA, MINA LEVY^ CLARA L. 

HORTON, AXD RALPH FLEISCHMAN 

(From the Section on Experimental Therapeutics, Laboratory of Infectious 
Diseases, National Microbiological Institute, National Institutes of 
Health, Public Health Service, United States Department of 
Health, Education, and Welfare, Belhesda, Maryland) 

Plate 1 

(Received for publication. May 31, 1955) 

Twelve x-amino acids (arginine, ci'stine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tr3T5tophan, tjTosine, and 
valine) have been found essential for the gro^vth of two mammalian cell 
lines in tissue culture, a mouse fibroblast' (strain L) (1) and a human uter- 
ine carcinoma cell (strain HeLa) (2). The minimal ^^tamin requii'ement 
of these cell lines has also been defined (3). 

As will be showm here, under the conditions of the present experiments, 
glutamine proved similarlj^ essential for the sundval and growth of both 
ceU lines. In a medium containing the twelve amino acidspre\iouslj’’shown 
to be essential, the seven demonstrablj'- essential rdtamins, glucose, elec- 
trolytes, and serum protein, both the mouse fibroblast and the human car- 
cinoma cell degenerated and died unless the medium was supplemented 
with glutamine. The quantitative aspects of this glutamine requirement, 
and the limited degree to which it could be satisfied b 3 ’- glutamic acid, are 
described. 


Methods and Materials 

The methods of maintaining stock cultures of the two cell lines, of set- 
ting up replicate cultures nith the various experimental media, and of ceU 
enumeration to evaluate the growth response have been described in pre- 
rdous papers dealing with the amino acid and ^dtaniin requirements of the 
mouse fibroblast (1, 3) and the HeLa carcinoma cell (2, 3). A helpful 
modification in the ceU-counting procedure has been the use of disodium 
Versenate (disodium salt of eth3denediaminetetraacetic acid) to disperse 
the ceUs, instead of mechanically scraping them from the surface of the 
culture flask. The flask was drained, and 3 ml. of fresh medium at pH 

> This cell was originally cultivated from normal connective tissue, but tissue cul- 
tures have occasionally produced sarcomata, particularly after irradiation of the re- 
cipient mice (personal communication from K. K, Sanford and W. R. Earle). 
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7.0, wliich contained ^^cl•scna^c at 0.005 wei-c added. Within 5 to 10 
minutes the cell sheet had come off the gla.ss. The cells were then dis- 
persed by pipetting back and forth and stained for hemocjdometer enii- 


Taulu I 

Basal Ulcdutvi for Culiivaltori of IIcLa Cell and Mouse Fibroblast 


t-Amino .tcids* 

Vil.'imin^t 

Miscellaneous 




sin. prr 

Vli. 


per cent 

Arginine 

0.1 

Biotin 

10-' 

Glucose 

o.n 

Cj'stine 

0.05 (0.02)§ 

Choline 

10- « 

Penicillin 

O.OOo^i 

Glutaminell 

2.0 (1.0)§ 

Folic acid 

10-' 

Streptom 3 'cin 

O.OOolf 

Histidine 

0.05 (0.02)§ 

Nicotinamide 

10- c 

Phenol red 

0.0005^ 

Isoleucine 

0.2 

Pantothenic acid 

10-« 

Diab'zed horse 

(1)§ 

Leucine 

0.2 (0.1)§ 

P 3 ’rido\-al 

10- « 

serum 


Lysine 

0.2 (0.1)§ 

Thiamine 

10-' 

Diab'zed hu- 

5 

Methionine 

Phenjdala- 

0.05 

0.1 (0.05)§ 

Riboflavin 

10-? 

man serum 






nine 

Threonine 

0.2 (0.1)§ 

Salts! 








TrjTtophan 

Tyrosine 

0.02 (0.01)§ 
0.1 

NaCl 



Valine 

0.2 (0.1)§ 

iiC/l 




NaHsPOfHsO 

0.014 





NaHCO, 

0.22 





CaCb 

0.02 





MgClo 

O.OOS 




* Conveniently stored in the refrigerator as a single stock solution containing 20 
times the indicated concentration of each amino acid. 

f Convenientlj’’ stored frozen as a single stock solution containing 100 or 1000 
times the indicated concentration of each vitamin. 

t Convenientlj'' stored in the refrigerator in tvro stock solutions, one containing 
NaCl, KCl, NaHjPOj, NaHCOj, and glucose at 10 times the indicated concentration 
of each and the second containing CaCh and MgCh at 20 times the indicated con- 
centration. 

§ The figures in parentheses are for mouse fibroblast. 

^ Conveniently stored frozen as a single stock solution containing 100 times the 
indicated concentrations of penicillin, streptom 3 min, and phenol red. 

II Conveniently stored frozen as a 100 msi stock solution which is added to the 
medium in appropriate concentration at the time of feeding. 

meration by the addition of an equal volume of the citric acid-crystal violet 
stain of Sanford et al. (4). 


EXPERIMENTAL 


EssentiaUty of Glutamine for Growth of Mouse Fibroblast and Hiiman 
Carcinoma Cell— The basal media used for tl 
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are sbomi in Table I. Tnien the culture flasks (1) -were inoculated -ft-itb 
100,000 to 200,000 cells and when, 24 hours later, after the cells had ad- 
hered to the glass, the overljdng fluid was replaced udth a glutamine-defi- 
cient medium, the cells died uithin a few days. However, if glutamine 
were added to the medium, and if fresh glutamine were then added each 
time the culture fluid was changed, the cells rapidly gi-ew out to form a 
solid sheet on the surface of the glass. The grou-th in the presence of the 



Text-Fig. 1. The rate of growth of the HeLa cell at varjing concentrations of 
L-glutamine. 

glutamine and the early death of the cultures in its absence are illustrated 
for the HeLa cell in Figs. 1 to 3 and for the mouse fibroblast in Figs. 4 to 7. 

Ineffectiveness of o-Ghitamine — ^With the twelve essential amino acids, 
onlj'^ the n isomers had been found active; the n-amino acids were whollj^ 
inactive, but even a large excess did not inhibit the growth response to 
the L isomer. Similarlj’^, n-glutamine had no growth-promoting effect on 
either cell line. The courtesy of Dr. Alton hleister and Dr. Leon Le^■in- 
tow in providing this compound for stud 3 ' is gratefullj" acknowledged. 

Qmntiialive Glutamine RequiremeTit — Glutamine in various concentra- 
tions was added to the medium of Table I at the time of the first feeding. 
.\t each subsequent feeding (every 2 da 5 's in the case of the mouse fibro- 
blast and daily in the case of the HeLa cell) freshly prepared glutamine 
solutions were added in appropriate concentration to the culture fluids. 
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Typical growlli response cmA''cs are shown in ihc lop sections of Tables II 
and III, The conconf ralion wliicli per/nif ted maximal growth of the HeLa 
cell under the conditions of the present experiments was 1 to 2 mAi, while 


Tahiaj II 

Growlh Response* of Unman Carcinoma Cell {IIcLa) lo Glntaminc and to Glnlamic Acid 





Conccnir.ition of l-gliit.aminc 

or i.-;;lutamic acid, mjt 


Supplement to 
medium of T.nblc I 

■10 

30 

20 

10 

s 

2 

I 

o.s 

0,2 

0.1 

0 


Grou'tli response in 6 daysf 

i/-Glutamino 




0.5 

■ 

8.1 

5.7 


1.1 

0.6 

0.1 






liW 

S.5 


5.6 

2.9 

2,2 








10 


3.9 


0.2 






10.3 


11.7 


4.6 


1.2 








11. S 

7.3 

4.6 

1.8 






7.0 


8.1 


10.6 


2.1 


0.03 

n-Glutamic 



2.4 

1.2 

0.5 

0.3 





0.2 

acid 



2.9 












4.1 

0.6 









7.7 

9.1 

8.0 

0.5 







0.2 


4.S 

8.6 

9.5 

6.5 







0.6 

n-Glutamic 



7.7 









acid -}- 
NH 4 CI 



8.9 

4.4 


0.3 





0.2 

(1 mM) 



10.7 

9.6 







0.9 

i/-Glutamic ac- 



8.0 









id + NH 4 CI 



8.1 









(1 mM) + 

ATP (2 T per 
ml.) 



6.5 

4.2 

0.4 






0.2 


* The basal medium of Table I is emplo 3 'ed, supplemented as indicated, 
t Referred to inoculum as 1 . Each row represents a different experiment, and 
each number is the average of three replicate flasks. 


a somewhat lower concentration (0.2 to 0.5 mM) sufficed for the optimal 
grow’’th of the mouse fibroblast. The rate of gron^th of the HaLa cell at 
varying concentrations of glutamine is presented in Text-fig. 1, Avhich 
shows the maximal response obtained at a concentration of 1 to 2 mw. 

irGluiamic Acid As Substitide for Ghdaniine — With the HeLa cell, 
li-glutamic acid could be substituted for glutamine, but the optimal con- 
centration was 20 mM, approximately 10 to 20 times the maximally effective 
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concentration of glutamine. As showTi in Table II, even this large excess 
of glutamic acid was usuallj' not as effective as glutamine. The relatively 
slow growth response to glutamic acid was largely due to an initial lag (c/. 
Text-fig. 2). UTien multiplication began, however, it was at the same 
rate as that obtained from the outset with glutamine. On the addition of 
NH4CI in the optimal concentration of 0.5 to 1 msr, the growth response to 
glutamic acid was usually, but not invariably, improved. The rate of 
growth then approached that observed at the optimal concentration of glu- 
tamine. The addition of ATP (adenosine triphosphate) at 1 to 2 7 per ml. 
had no significant effect. 



Q O 2 “S 6 

TIME IN DAYS 


Text-Fig. 2. The rate of growth of the HeLa cell at optimal levels of E-glutamine 
and E-glutamic acid (with and without NH 4 CI and ATP). O, glutamic acid (20 nm); 
O, glutamic acid -f NHiCl (1 him) -f- ATP (2 -y per ml.); 3, glutamine (2 nm); •, 
glutamine -f glutamic acid + NHiC) ATP. 

However, quite different results were obtained with the mouse fibro- 
blast. Vfhen this cell was grown in a medium containing only twelve es- 
sential amino acids but no glutamine, glutamic acid alone in an}’ concen- 
tration in the range 0.1 to 40 mxi failed to substitute for glutamine (lower 
portion of Table III). The cells did not multiply and after 6 da 3 ’’s showed 
degenerative changes. On the addition of NH4CI in the optimal concen- 
tration of 1 inM, a slight growth-promoting effect was occasional!}' obseived 
(c/. Table III). The addition of ATP at concentrations of 0.5 to 2 7 per 
ml. again had no effect, and higher concentrations were toxic. 

It is of interest that Fischer (5) had found that the addition of approxi- 
mately 1.5 niM glutamine to a medium consisting of dialyzed serum, di- 
alyzed embryo extract, dialyzed plasma, T}Tode’s solution, glycine, and 
cystine greatly increased the area of growth around a culture explant. 
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Glutamic acid at tlic same concentration was, liowevcr, inactive and actu- 
ally caused a slight retardation of growth. 

Effect of Evil Complement of Amino Acids on Growth Response to h-Glii- 
taminc and on Growth-PromotiriQ Activitij of h~Ghda?nic Acid — The pre^vi- 
ousl}’’ cited experiments were carried out. in a medium in which the cells 


Tahw} III 

Growth Response* of Mouse Fibroblast (Strain L) to Glutamine and Absence 
of Comparable Response to Glutamie Acid, NHiCl, and ATP 



Concentmtion of i.-plul.Timinc or i.-glutamic acid, mjt 

Supplement to 
medium of Table I 

40 

20 

10 

5 

2-3 

1 

o.s 

0 . 2 - 0 . 2 ; 

; 0.1 

0 


Gron-th response in 6-7 daysf 

n-Glutamine 



4 


4.6 

6.5 

4.5 

4.4 

2.8 

0.16 





3.6 

6.1 

8 

7.5 

3.9 

2.5 

0.7 






8.3 

11.8 


7.3 

3.7 

0.91 

L-Glutamic acid | 

i 


0.3 


0.69 



0.45 


0.28 




0.3 

0.4 

0.5 

0.5 

0.5 



0.5 


0.27 

0.3 

0.49 i 

0.6 

0.46 


i 



0.4 


0.25 

1 

0.8 

1.1 

1.5 

1 

1.0 



0.7 

0.5 

L-Glutamic acid 





0.9 





0.5 

-f NH 4 CI (1 mM) 





0.9 

I 

1 



! 0.5 


0.43 

0.36 

0.91 

0.96 

1.29 





0.71 






2.2 

1.7 




0.5 


0.025 

1.1 

1.5 

2.3 

3.3 





0.75 

L-Glutamic acid -f- 




0.1 

0.9 





0.6 

NH 4 CI (1 mM) + 
ATP (2 7 per 
ml.) 





0.9 





0.5 


* The basal medium of Table I is employed, supplemented as indicated, 
t Referred to inoculum as 1 . Each row represents a different experiment, and 
each number is the average of three replicate flasks. 


were under the necessity of synthesizing alanine, aspartic acid, glycine, 
hydroxyproline, proline, and serine. It became of interest to determine 
whether an adequate supply of these amino acids would affect the quanti- 
tative requirement for glutamine or the groudh-promoting activity of 
glutamic acid. 

With both the HeLa cell and the mouse fibroblast, the addition of a 
mixture of these amino acids to the medium, each at a concentration of 
0.2 mM, had a glutamine-sparing action. As shown in Table TV, the EDso 
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level of glutamine was thereby" reduced to approximately one-half its 
normal level. There was still, however, an absolute requirement for glu- 
tamine, and the further addition of glutamic acid, and ATP still 

failed to permit significant growth of the mouse fibroblast in a glutamine- 
free medium. 

Failure of a-Kciogluiaric Acid, Asparagine, Ornithine, or Prolinc to Sub- 
stihite for Glutamine — ^Asparagine or ornithine, at concentrations of 20, 2, 
or 0.2 mxr, failed to substitute for glutamine; both the HeLa and L cells 
died in media containing these compounds in lieu of glutamine. Proline 
and a-ketoglutaric acid were similarl 3 ’' inactive at these concentrations 


Table IV 

Illustrating Glutamine-Sparing Action of Non-Essential Amino Acids for HeLa Cell 

and Mouse Fibroblast 


Cell 

strain 

Con«n- 
tration 
of 6 
non-es- 
sential 
amino 
acids* 

Concentration of i.-glutamine» nui 

EDm of 
gluta- 
mine* 

2 

1 

0.5 1 

0.2 

0.1 

1 0.05 

0.02 j 

0 

Growth response in 5-^ daysf 


my 









ny 

HeLa 

0 

s.s 


5.6 

' 2.9 

2.2 

1.2 


0.2 

0.37 


0.05 

11.1 

9.0 

8.6 

4.4 

2.4 

1.0 


0.2 

0.30 


0.2 

12.2 

11.0 

9.3 

6.0 

4.3 

2.4 


0.2 

0.20 

hlouse fibre- 

0 


7.8 

7.1 

3.04 

2.1 

1 

1.1 

0.62 

0.5 

0.28 

blast 

0.2 



6.6 i 

6.0 

3.1 

1.8 

1.4 

0.7 

0.11 


‘Alanine, aspartic acid, glycine, bydroxj’proline, proline, serine, each, at the 
concentrations indicated, 
t Referred to inoculum as 1. 

t Approximate concentration permitting 50 per cent of maximal growth. 

whether tested alone or in combination with 0.5 to 1 nnr NH 4 CI and ATP 
at 0.5 to 2 Y per ml. As stated in the preceding section, the addition of a 
full complement of the non-essential amino acids often caused a signifi- 
cantly enhanced growth response to glutamine. Even under these cir- 
cmnstances, however, neither ornithine nor proline substituted for glu- 
tamine. 


DISCUSSION* 

It was not surprising that glutamine should prove essential for the sur- 
\ival and growth of mammalian cells in a medium containing onl 5 * twelve 
essential amino acids, glucose, protein, and the necessary* x-itamin supple- 
ment. It was, however, not anticipated that glutamic acid would be only 
one-tenth to one-twentieth as active as glutamine in the case of the HeLa 
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cell and usually devoid of activit}'’ in Ihe ease of the L cell. The simplest 
explanation is that these two cells are rclativcl}' impcrmeableto glutamic 
acid. However, as will he discussed in a following paper, in media con- 
taining as little as 0.0 1 to 0.1 pinole per ml. of C’-labeled glutamic acid, 
the latter was activebv incorporated info coll protein by both types of cells, 
whether in the presence or absence of glutamine, and the concentration of 
free glutamic acid in the cell was regularly much greater than that in the 
surrounding fluid. 

An alternative explanation which is consistent with all the data reported 
here is that, at least under the conditions of the present e.xperiments, and 
in conformity with the findings of hlcllwain cl al (6) Avitli Streptococcus 
pyogenes, glutamine pla3's a vital role in the cellular economy which glu- 
tamic acid as such cannot perform. Given a high concentration of glu- 
tamic acid (20 him), the IleLa cell can apparently sjmthesize enough 
glutamine to provide for its needs, presumabl3’’ by tlie reaction described 
by IH-ebs (7), Elliott (8), Speck (9), and others. 

Glutamate -f- Nils ATP glutamine -j- adenosine diphosphate d- phosphate 

It is significant in this connection that, in the present experiments, the 
grovdh response of the HeLa cell to glutamic acid was usually slightly, but 
definitely, increased b3'- the addition of NH4+. In the mouse fibroblast, 
however, this S3mthesis is apparent^'- insufficient to supply the minimal 
needs of the cell for glutamine. Glutamic acid in any concentration could 
substitute for glutamine only irregular^’', and at best incomplete]}^ (cf. Ta- 
ble III), and even the addition of a full complement of amino acids did not 
affect the specific requirement for glutamine. Neither cell line required 
glutamic acid over and above glutamine, either because glutamine is read- 
ily converted to glutamic acid or because the cell can synthesize the latter 
amino acid as readily as it can, e.g., glycine, serine, alanine, or proline. 

Asparagine did not substitute for glutamine, either in the L or HeLa 
cell. Further, although large concentrations of glutamic acid could sub- 
stitute for glutamine in the case of the HeLa cell, neither a-ketoglutaric 
acid, proline, nor ornithine was similarly effective, vdth or without added 
NH4+ and ATP. If the HeLa cell can make glutamic acid from these com- 
pounds, as described for mice by Stetten (10), this synthesis is quantita- 
tively insufficient to provide for suiudval and growth. 

The present experiments provide no clue to the nature of the metabolic 
reaction (or reactions) mediated by glutamine and not by glutamic acid. 
Meister and Tice (11) and Meister, Sober, Tice, and Fraser (12) showed 
that there were a number of keto acids, both natural and unnatural, ivith 
which glutamine transaminated actively, while glutamic acid had no sig- 
nificant activity. Other workers (13, 14) have similarly found glutamine 
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to be more effective than glutamic acid in several specific transamination 
reactions, as well as in a non-enzyniatic transamination of glyoxylate (15). 
Under the conditions of the present experiments, glutamine maj^ therefore 
provade an essential transaminating mechanism. The fact that the glu- 
tamine requirement was significantly reduced by the addition to the me- 
dium of six non-essential amino acids is consistent with this thesis, hlore 
recently, glutamine has been found (16-18) to be an intermediate in purine 
s 3 Tathesis, the amide N appearing as nitrogens 3 and 9 of the h 3 ’^poxanthine 
ring (18). Since, under the conditions of the present experiments, the 
cells were under the necessit 3 ^ of S 3 Tithesizing their total purine and p 3 ^- 
rimidine requirements, this and similar reactions ma 3 ' help accoimt for the 
specific need for glutamine. Glutamine has also been reported to be in- 
volved in the bios 3 Tithesis of glucosamine phosphate (19, 20). Finally, 
glutamine as such may be required for incorporation into cell proteins. 

SUMMARY 

Under the conditions of the present experiments, both a mouse fibro- 
blast (strain L) and a human carcinoma cell (strain HeLa) required L-glu- 
tamine for sundval and growth in tissue culture. The maximall 3 '’ effective 
concentration was 0.2 to 0.5 nui for the fibroblast, and 1 to 2 niM for the 
carcinoma cell. The addition of a full complement of amino acids had a 
glutamine-sparing action, but did not affect the glutamine requirement 
qualitativel3^ 

Glutamic acid at the optimal concentration of 20 mu substituted for 
glutamine in the case of the HeLa cell, but not -srith the mouse fibroblast. 
The further addition of NH 4 CI often increased the gro^dh response of 
the former cell and occasionall 3 ’' permitted shght growth of the latter. 

Arginine, ornithine, a-ketoglutaric acid, and proline were inactive as 
substitutes for glutamine. 

It is suggested that glutamine is an essential metabolite imder the con- 
ditions of the present experiments, and that the groudh-promoting acthnty 
of high concentrations of glutamic acid for the HeLa cell reflects its con- 
version to glutamine. The possible nature of the metabolic reaction (or 
reactions) uniquely mediated b 3 ’’ glutamine is discussed in the text. 
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EXPLANATION OF PLATE 1 

Figs. 1 to 3. The 6 day growth response of the HeLa cell to var 3 dng concentra- 
tions of L-glutamine (in the basal medium of Table I). Magnification, 100 X. 

Figs. 4 to 7. The 6 day growth response of the mouse fibroblast to vaiying con- 
centrations of L-glutamine (in the basal medium of Table I). Magnification, 110 X- 
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COFACTOR REQUIRE^iIENTS FOR ENZY^IATIC 
DEXITRIFICATIOX 

I. NITRITE REDUCTASE* 

Br C. W. CHUNG and VICTOR A. NAJJAR 

(From the Department of Pediatrics, The Johns Hopkins University, School 
of Medicine, Baltimore, Maryland) 

(Received for publication, June 9, 1955) 

The reduction of nitrate b}' plants and microorganisms leads either to 
ammonia or to gaseous nitrogen as the final product. Although some 
light has been shed on the mechanism of conversion to ammonia by cell- 
free extracts or partially purified enz3’'me preparations, little attention has 
been given to the eiizrunatic denitrification of nitrite to nitrogen gas. It 
has recenth’ been shown that reduction of nitrite to nitrogen br' cell-free 
extracts of Pseudomonas stulzeri and Bacillus suhlilis is accompanied b}' 
the production of small amounts of nitric oxide and nitrous oxide (1). 

It has since been possible to show that enzj'me preparations from P. 
shitzcri can convert nitrite to nitric o.xide and the latter to nitrogen gas. 
Both of these steps require copper and iron as well as p3Tidine and flardn 
nucleotides for full actimt^'. 

This paper describes the purification, properties, and the cofactor re- 
quirements of the over-all s3'stem (XO2'' X’O). 

Materials and Methods 

Enzyme Preparation — It was reported earlier that active extracts were 
obtained from cells of P. stutzeri grown at 25° or below (1). However, 
more uniforml3'^ active extracts were obtained from the cells grown for IS 
to 24 hours at 37° in a medium containing 1 per cent tr3-pticase (Baltimore 
Biological Laborator3'), 0.5 to 1.0 gm. per cent of lOTOa (or 0.3 per cent 
KXO3 and 0.2 per cent XaXOs), and 0.1 per cent Difeo 3'east extract. 

12 liters of an 18 to 24 hour culture were centiifuged in the Sharpies 
centrifuge at room temperature. Towards the end of the centrifugation, 
about 2 liters of cold water were passed through the centrifuge. The 
packed cell mass at this stage still contained small amounts of nitrate or 
nitrite which disappeared during handling or purification. The han-ested 
cells were mixed with 3 times their weight of alumina powder (Xo. 1557 

* This investig.ation was supported bj' a research grant (No. G-32S9'C) from the 
Division of Research Grants, National Institutes of Health, United States Public 
Health Service. 
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AB, Buchler, Ltd., Chicago) and cither ground iiniucdiately at 4° or stored 
in tJic deep freeze at — 1S° without any loss of activity for at least 4 weeks. 
The ground cells wore then extracted three times with an equal volume of 
ice water, and the extract was centrifuged for 30 to 40 minutes at about 
20,000 X <7 to eliminate cell ddbris and tlie small particles containing the 
electron carrier .S 3 'stem (1). The sediment was washed three times with 
cold water. The total volume of the combined extracts and the washings 
was about G times the wet weigiit. Ail subsequent manipulations were 
carried out at 4-6°. 

To the extract thus prepared solid ammonium sulfate was added to 0.4 
saturation. The precipitate formed was separated bj' centrifugation and 
dissolved in 20 ml. of water. Bj'^ further addition of ammonium sulfate, 
0.55 and 0.70 fi-actions were prepared in a similar manner. Very little pre- 
cipitate was obtained between 0.7 and full saturation. All fractions were 
then dialyzed for 5 to IS hours against several changes of cold distilled 
water (1-3). 

Methods of Assay — The utilization of nitrite was measured by the diazo 
reaction (4). For the determination of gas e^'■olution the usual Warburg 
technique was used. The main compartment contained the enz 3 ’-mes and 
buffer. One side arm contained nitrite and the h 3 '-drogen donor substrate. 
The other contained cofactors. Unless stated otherwise, the follov'ing 
conditions were employed: phosphate buffer, pH 6.8, 0.08 m final concen- 
tration; temperature 30°; final volume of the mixture 2.4 to 3.0 ml.; nitro- 
gen in the gas phase. 0.2 ml. of 20 per cent KOH was placed in the center 
well. The reaction was started at zero time by tipping in the substrates. 
Control samples as indicated were run simultaneousl 3 ^ 

The hydrogen donor substrates xised were either boiled yeast extract, 
Z-malate, succinate, glucose-6-phosphate, or d-isocitrate, as the case may 
be. The total gas formed represented nitrogen and nitric oxide (1-3). It 
was possible to absorb completely the nitric oxide evolved during the re- 
action by the use of alkaline sulfite placed in one side arm. Consequent^'’, 
nitrogen was the only product appearing in the gas phase. 

Furthermore, the simultaneous measurement of the total volume of gas 
formed and the amount of nitrite which had disappeared at a particular 
time afforded a means of obtaining exact values of NO and Ns formed in 
the gas phase by solving the two folloAving simultaneous equations in which 
all terms are expressed in microliters under standard conditions (3). 

Ns -f- NO = gas observed; 2Ns -f- NO == NOs" disappeared 


Therefore, 

No = NOo- - (gas observed), and NO = 2 X (gas observed) - (NOj- disappeared) 
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Effect of Pyridine Nxicleolidcs on Nitrile Reductase (N02~ — > NO) — ^The 
best results were observed when the fraction obtained at 0.55 ammonium 
sulfate saturation was reprecipitated two or three times at 0.7 saturation 
and dialyzed overnight. Fig. 1 shows that with Difeo yeast e.xtract as the 
hj’-drogen donor substrate the addition of 0.46 /^mole of DPX* resulted in 
considerable increase in enzyme actiwty over the control lacking this co- 
factor. The extent of stimulation indicated that DPX was functioning 
in a catalj-lic capacity and that the extract contained the necessary dehy- 
drogenase sj'stem capable of generating DPXH. The use of alkaline sul- 
fite as an XO-trapping agent showed that the nucleotide stimulated the 
formation of a considerable amount of nitric o.xide. Little or no nitric o.x- 
ide was trapped in the absence of the nucleotide. When succinate was 
used as the donor substrate, similar .stimulation was obtained with a 
cataljdic amount of DPX. 

It was further apparent that the fractions contained glucose-6-phosphate 
dehj’-drogenase as well as the other deJi3^drogenases. The fraction col- 
lected between 0.4 and 0.7 saturation utilizes TPX more effectivelj" than 
DPX when glucose-6-phosphate (20 ^moles) is added. 

Bj’’ repeating the ammonium sulfate precipitation three to five times and 
dialysis of the enz3me preparation, a point could sometimes be reached at 
which the enz3’’me showed no activit3’^ without added p3Tidine nucleotide, 
even after prolonged incubation (Tables I and III). Upon the addition 
of DPX or TPX, a stimulation of XO and Xs production occurred. This 
was estimated 63’’ absorption into alkaline sulfite or calculated from the 
amount of nitrite which disappeared and the total volume of gas formed. 
Representative experiments on different enz3Tne preparations with TPX 
as cofactor are presented in Table I. In each instance there was a net in- 
crease in nitrite disappearance and in XO and X2 production over the con- 
trol lacking TPX. 

Effect of Flavin Nucleotides on Nitrite Reductase— When a fraction ob- 

' Diphosphopjoidine nucleotide (DPN) and triphosphopj-ridine nucleotide (TPX), 
Pabst Brev\-ing Companj’-; Ba salt of glucose-6-phosphate, C3'toclirome c, flavin mono- 
nucleotide (FMX) and flavin adenine dinucleotide (FAD), Sigma Chemical Com- 
pam-; dl-isocitric acid, H. M. Chemical Companj'; A',jV-dihj'droxyethylglycine 
(Versene-Fe-3-specific) and ethylenediaminetetraacetate (EDTA), Bersworth Chem- 
ical Company; potassium ethjd xanthate, thiourea, and -X-(l-naphthj-l)-ethylene- 
diamine dihj'drochloride, Fisher Scientific Company; salicj'laldoxime and sodium 
diethj'ldithiocarbamate, Eastman Kodak Companj-; 1,10-o-phenanthroline, G. Fred- 
erick Smith Chemical Company; S-hj-droxyquinoline, Merck and Company, Inc.; 
nitric oxide, Matheson Companj-, Inc. Glucose-6-phosphate dehj-drogenase was pre- 
pared from Leuconostoc mesenteroides with the first ammonium sulfate precipitation 
without further purification (5). d-Isocitric dehj-drogenase was prepared from 
washed acetone-dried pig heart (6). 
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tniiiod l)e(\v('(.'n O.-I mikI 0.7 ainmoniiun sulfate .saturation was used, the 
addition ol catalylie amount, s (0.1 jumolo) of FMN or FAD to the reac- 
tion mi.xture containinj’; 'TPX i-e.snlted in .stimulation of nitrite disappear- 
ance to tiic 0 x 1 cut of 2.”) i)er cent over that oh.scrv'cd when TPN was the 
only colactor prc.sent. SimilarlyXO formation from nitrite was stimulated 
to about tlie same extent. 'This could only l)(! ob.scrvcd when NO was 



Fig. 1. Effect of DPN on gas formation from nitrite. The reaction mi.vture con- 
sisted of enzj'me (0.55 fraction) 29.6 mg., phosphate buffer, pH 6.S, final concentra- 
tion O.OS M, in the main compartment. Difco j-east e.vtract 4 mg., DPN 0.46 /imole, 
and sodium nitrite 20 /jmoles were tipped in from one side arm at zero time. Total 
volume of the reaction mixture 2.6 ml. The other side arm contained 0.2 ml. of either 
water or 5 per cent of sodium sulfite in 0.1 x KaOH. 0.2 ml. of 20 per cent KOH in 
the center well; bath temperature 30”; gas phase pure nitrogen. 

trapped with alkaline .sulfite. In the absence of the trapping agent, NO 
was rapidly converted to X 2 , owing to the stimulation of nitric oxide re- 
ductase present in the extract by the flavin nucleotides (7). 

The effect of the flavin nucleotides in stimulating nitrite reductase be- 
came much more pronounced when the enzyme was further I’esolved ivith 
acid treatment. Table II shows that nitrite utilization was increa.sed 
about 2-fold. The amount of X'O trapped in sulfite was correspondingly 
increased. Formation of nitrogen gas was al.so stimulated because of the 
stimulation of nitric oxide reductase, which converted soluble X'O to X^ 2 . 
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Effect of Metal Ions on Mitrilc Reductase — A number of metal-binding 
agents vvere tested for possible inhibition of denitrification. Onl}' salicj'l- 
aldo.xime, KCX, potassium eth}-! xanthate, and sodium diethyldithio- 
carbamate showed effective inhibition. All inhibition studies were per- 
formed by preinenbation of the enzyme preparation nith the inhibitors for 
1 hour before substrate addition. 


T.vble I 

Effect of TPX on Formation of Xitrogen and Xitric Oxide from Xitrite 


Etperiment Xo, 

TPX 

Gas formed 

1 NOr 

disoppearance 

XO calculated* 

Xj calculated* 



f/. 

fitnoUs 

fimoUs 

tnicroatoms 

1 

— 

32.9 

1.82 

1.12 

0.70 



104 

5.2 

4.10 

1.10 

2 

— 

28.1 

1.35 

1.16 

0.19 


+ 

9S.2 

4.72 

4.05 

0.67 

3 

— 

0 

0 

0 

0 


+ 

110.7 

5.42 

4.46 

0.96 

4 

— 

23.3 

1.03 

1.03 

0 


+ 

93.3 

4.75 

3.58 

1.17 

5 

— 

60.7 

3.78 

1.63 

2.15 


+ 

116.6 ; 

6.08 

4.33 

1 2.7o 

1 


The main compartment contained phosphate buffer, pH 6.8, final concentration 
0.08 ii, MgCl: 10 /imoles, isocitric dehydrogenase 1.0 mg., enz 3 Tne, gIucose-6-phos- 
phate 20 >;imoles, isocitrate 10 ^imoles, and sodium nitrite 10 /imoles in one side arm; 
the other contained TPj\' 0.1 /xmole, total volume 3.0 mi. All substrates were tipped 
in at zero time. 0.2 ml. of 20 per cent KOH in the center well; gas phase pure nitro- 
gen; bath temperature 30°; incubation period 3 hours. Enzj'me (0.4 to 0.7 fraction) 
precipitated three to five times at 0.8 of ammonium sulfate saturation and diab'zed 
against cold distilled water for 24 to 90 hours. The amount of enzj-me added in Ex- 
periments 1, 3, and 4 was 24 mg.; in Experiment 2, 20 mg.; in E.vperiment 5, 31 mg. 
Isocitric dehj-drogenase was similarh- precipitated and diab’zed. 

* See the text. 

At concentrations of 5 to 7 X 10"' m, cyanide produced over 90 per cent 
inhibition of nitrite disappearance or gas formation. At 1 X 10"- M about 
40 per cent inhibition of both activities occurred, and at 1 X 10"^ or be- 
low very little inhibition was observed. Sodium dieth 3 ’'ldithiocarbamate 
and potassium ethjd xanthate gave relativelj' high inhibition at 1 X 10~- 
M. It appeared that the nitric oxide reductase was inhibited more strongh- 
by the carbamate than was the nitrite reductase. 

At concentrations of 2 X 10~^ m, p^nophosphate, o-phenanthroline, and 
Versene-Fe-3-specific caused little or no inhibition. At 10“’ EDTA and 
8-hydroxyquinoline also produced no inhibition. With higher concentra- 
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tions of EDTA, i) 3 ’i'op}iosp}inle, nnd thiourea there was some inhibition. 
Dialj'sis of the onzjnnc preparation against 10~- m solutions of cyanide and 
P3U’ophosphatc resulted in an almost complete inhibition of the enzymes, 
and the addition of various metals was not successful in restoring the ac- 

Tablc II 


Effect of FMN or FAD on Nitrite Disappearance by Nitrile Reductase 


Cofactors added 

NOs- 

disappearance 

XO absorbed 
into sulfite 

Nj formed 





fimolfs 

nmoles 

microaloms 

0.05 fimolo TPN 

5. 87 

3.97 

1.90 

0.05 

<1 

tt 

-{-0.1 /amolc FMN 

12.34 

7.44 

4.90 

0.05 

<C 

<( 

-fO.l “ FAD 

11.00 

6.77 

4.20 

0.1 

(( 

n 


6.78 

5.44 

1.34 

0.1 

c< 

tt 

■F 0.1 pmole FAIN 

12.93 

S.IO 

4.83 

0.1 

it 

tt 

+ 0.1 “ FAD 

11.81 

7.61 

! 4.20 

0.2 

<t 

tt 


7.43 

5.47 

1.96 

0.2 

tt 

1 1 

+ 0.1 /umole FMN 

13.40 

8.85 

4.55 

0.2 

<< 

tt 

+ 0.1 “ FAD 

12.93 

7.23 

5.70 

0.2 

<( 

tt 

+ 0.3 “ FMN 

13.46 

5.04 

8.42 

0.2 

li 

tt 

+ 0.2 “ FAD 

13.36 

7.40 

5.95 


The reaction mixture consisted of 25.4 mg. of enzyme, 10 >iimoles of MgCh, 10 
/nmoles of MnCh, tris(hydroxymethjd)aminomethane buffer, pH 7.0, final concentra- 
tion 0.08 M, in the main compartment; 0.05 to 0.2 /nmole of TPN, 0.1 to 0.2 /nmole of 
FMN or FAD, and 20 /nmoles of NaNO* in one side arm. The other side arm con- 
tained 0.5 ml. of 5 per cent NajSOj in 0.1 n NaOH, and the center well 0.3 ml. of 10 
per cent NasSOs in 0.1 n NaOH with filter paper strips. Substrates and cofactors 
in the side arm were tipped in at zero time. Total volume 3.0 ml.; bath temperature 
30°; gas phase pure nitrogen; incubation period ISO minutes. The enz 3 'me used in 
this experiment was prepared as follows; To the enzjme preparation HCl was added 
to 0.0015 M; then the solution was quicklj’- brought to 0.5 saturation with solid am- 
monium sulfate in the cold and left for 18 hours at —3°. It was then precipitated 
at 0.8 saturation and dialj^zed for 48 hours at 2-4° with several changes of water. 
Control experiments showed that the sulfite solution used as above was sufficient to 
absorb the CO 2 produced. 

tivity. Dialysis of the enzyme preparations against 0.01 M NH4OH for 
several days showed no inhibitory effect, and no stimulation was obtained 
by addition of metals. 

The addition of Cu++, Fe+^, or Fe++ reversed the inhibition produced 
by salic3daldoxime and sodium diethylthiocarbamate not onb’- in terms of 
nitrite disappearance, but also in the conversion of nitric oxide to nitrogen. 
The latter effect was more distinct than the former. The reversal effect 
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\vas best ^nth copper and least with ferrous ion. Other metals tested, 
INIn-^, Co"^, Zn++, Ca-^^, IMoOa, and ]\IoO^’", had no effect. 

The inhibition of denitrification by metal-binding agents and the coun- 
teracting effect of copper and iron ions strongly suggested the possible 
participation of these metals in the denitrifying processes. The e.xperi- 
ments that follow' show definitely that copper and iron are obligaton' ac- 
tivators of this system, possibh' in the role of electron transport. 


Table III 

Effect of Cic^, Fe’~^, and Fe^ on Nilrite Reductase (Salicylaldoxime-Treated') 


.Uetal 

1 

XO*~ disappearance 

N’O absorbed into sulfite 


firrolfs 

UtroUs 

None. 

S.IO 

3.39 

5 X 10"* Ji Cu++ . 

10.26 

7.64 

5 X 10-* Fe-^. 

9.75 

6.59 

5 X 10-* “ Fe-^. 

9.10 

5.56 

5 X 10-* » Co-^. 

5.90 

2.74 

5 X 10-* " Zn++.. 

6.20 

1.87 

2.0 X 10'* ji MoO, 

8.00 

3.09 

5 X 10-* JI ^loO - 

8.50 ! 

3.6S 

5 X 10-* » Ca^ 

8.60 

3.04 


The enzjme was diaij'zed against 1 X 10'’ m salicylaldoxime for 72 hours and then 
against frequent changes of demineralized water at 2-4° for 100 hours. The reaction 
mixture consisted of 21.2 mg. of enzj-me, 0.1 pmole of TPJC, 0.1 ;imoIe of FMX, 5 
Aimoles of MnClj, tris(hydro\ 3 'methyl)aminomethane buffer at pH 7.0, final concen- 
tration O.OS Jr, in the main compartment; 40 /imoles of i-malate, 20 pmoles of NaXO;; 
metals as indicated in one side arm. The other side arm contained 0.5 ml. of 5 per 
cent NajSOj in 0.1 x XaOH, and the center well 0.3 ml. of 10 per cent hTajSOa in 0.1 
N NaOH with filter paper strips. Substrates and cofactors in the side arm were 
tipped in at zero time. Total volume 3 0 ml.; temperature 30°; gas phase nitrogen; 
incubation time 180 minutes. Control experiments showed that the sulfite solution 
used as above was sufficient to absorb the CO; produced. 

Fractionated extracts were dialyzed for several days against 1 X 10”= m 
salicylaldoxime or diethyldithiocarbamate in order to remove bound met- 
als. This was followed by exhaustive dialj'sis against cold demineralized 
water for several da 3 ’s. The enzj'me preparations thus obtained were 
used for studies of metal activation. 

The addition of Cu"^, re+'°'°’, or Fe'^ ions to those preparations treated 
with salici'laldo.xime resulted in an increase in NO production and nitrite 
disappearance when the former was trapped in sidfite. Table III contains 
representative data showing such an effect. Cobalt, molj'bdenum, and 
calcium have no effect, and zinc is definitely inhibitory. The highest 
activation obtained with copper ions was 40 to 50 per cent at concentra- 









G24 


KXZYMATIC DKXITKIFICATIOX. I 


tions of 5 X 10~'* m Cu'*"*'. Tlic stimulatoiy effect of copper is very likely 
greater in magniUide than is apparent in these studies, since the inhibitory 
concentration is not far removed from that producing stimulation. 

DISCUSSION 

Because of the presence of very active DPNII and TPNH oxidases in 
the extracts it was not possible to perform these studies spectrophoto- 
metricall 3 ^ These oxidases were not inhibited by high concentrations of 
ej'^anide (0.05 jr). It was not possible to determine whether both TPN 
and DPN functioned as the electron carriers in the reduction of nitrite to 
nitric oxide or whether the presence of a translij-’drogcnase was responsible 
for the effectiveness of both (8). In contrast to the reduction of nitrite to 
h 5 ’-drox 3 daminc b 3 ’' cnz 3 ’-mes in the N^eiirospora, soy bean lea\^es, and Bacil- 
lus pumilus (9-11), the enz 3 '-mes from P. stutzeri produce nitric oxide as 
the first recognizable product of nitrite reductase. The flavin nucleotides 
are most likely obligatoiy carriers in the electron transport from reduced 
pyridine nucleotides to nitrite. It has not been possible, howe^’-er, to show 
an absolute dependence on the flavin, as ivas possible with the pyridine 
nucleotides. The results on the metal ion effect show undoubtedly a stim- 
ulation of nitrite reductase activity. Whether that is due to a role of the 
metal in the electron transport or to another metal function (3) remains 
to be determined. This enz 3 '-me, like nitric oxide reductase (7), may, 
nevertheless, be classified as a metalloflavoenz 3 '’me. 

SUMMARY 

A method for obtaining cell-free extracts of Pseudomonas stidzeri ca- 
pable of producing NO and N 2 from nitrite has been presented. Ammonium 
sulfate fractions sho^Yed marked stimulation of activity when DPN or 
TPN was added in catalytic amounts with the necessary hydrogen donor 
substrates. FAD and FMN also stimulated nitrite reductase. Of the 
metal ions tested only Cu++, Fe”^, and Fe+++ produced definite stimula- 
tion. 
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COFACTOR REQUIREMENTS FOR ENZYMATIC 
DENITRIFICATION 

II. NITRIC OXIDE REDUCTASE* 

Br C. W. CHUNG akd VICTOR A. NAJJAR 

(From the Department of Pediatrics, The Johns Hopkins University, School 
of Medicine, Baltimore, Maryland) 

(Received for publication, June 9, 1953) 

The reduction of nitrite to nitric oxide has been shouTi to require DPN 
or TPN, FAD or FhlN,' copper, and iron as electron carriers. This tvas 
determined b}' the stimulation of nitrite disappearance as well as bj’' in- 
creased nitric oxide formation. Etddence was also presented indicating 
that the reduction of NO to N; was stimulated b}' the same cofactors. 
The emdence was based on the stimulation of Ns formation, ■with con- 
comitant acceleration of NO disappearance. The latter was estimated in- 
directly from the amount of nitrite disappearance and the total volume of 
gas obtained. This report presents data supporting these conclusions, 
obtained bj’ direct observation of NO reduction to N:. The NO was gen- 
erated chemically or obtained comnlerciaIl3^ A preliminary account of 
this was reported earlier (1, 2). 

Materials and Methods 

Nitric o.xide reductase (NO — > Ns) was obtained from e.xtracts of Pseu- 
domonas stutzeri fractionated with ammonium sulfate at 0.4 to 0.7 satura- 
tion and repeatedlj’- precipitated to effect a resolution of the enzjTne. The 
details of the procedure were essentially'’ as described pre-r-iouslj’' (3). 

In the earlj’’ phase of this study nitric oxide was generated bj"^ dropping 
5 N nitric acid on copper turnings under Ns gas (4). Most of the studies, 
however, were carried out Mth commercially available nitric oxide (INIathe- 
son). In order to prevent the formation of NOs from NO and oxy’^gen, all 
manometers were flushed -ndth Ns free of Os for 35 minutes prior to the in- 
troduction of NO. NOs reacts -with water to form a mixture of nitric and 
nitrous acids, which lowers the pH and denatures the enzyme. Any' possi- 
ble NOo contamination of the gas must therefore be removed by' pre-rious 

* This investigation was supported by a research grant (No. G-32S9-C) from the 
Division of Research Grants, National Institutes of Health, United States Public 
Health Sendee. 

'The following abbre\dations are used; diphosphop 3 'ridine and triphosphopjTi- 
dine nucleotides, DPN and TPN, respective^-; flavin mono- and flavin dinucleotides, 
PMN and FAD, respectively; tris(hj-drox3-methj-l)aminomethane, Tris. 
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passage through tu'o successive Erlcmucyer flasks containing 200 ml. of 
water or more. In practice a mixture of NO and N 2 (approximately 25 
and 75 per cent, respectively) was used in tlic gas pliasc. In calculating 
manometer constants, a soluiiility coefficient of 0.04 (at 30°) was used for 
NO (5). The pll optimum of tlic over-all sj'sfcm of NO reduction to N 2 
with glucoso-G-phosphate and TPN as electron donor system, was found to 
be around pH 8.0. The bulTcr system used was a mixture of Tris, 0.08 m, 
and phosphate, 0.1 m. 


liesidls 

Effect of DPN or TPN — Enz 3 mie preparations obtained as described 
earlier were reprecipitated two or more times b}’’ ammonium sulfate at 0.8 
saturation and dial 3 ’^zed against frequent changes of cold distilled water 
for 12 to IS hours. Such preparations showed little or no uptake of NO, 
even when malate, glucose-G-phosphate, or glutamate was added. How- 
ever, the addition of TPN or DPN with these h 3 '^drogen donor substrates 
resulted in a marked increase in nitric oxide uptake (Table I), When no 
specific dehydrogenases were added, TPN was usualb’- more active than 
DPN, indicating probably that the TPN-linked deh3'drogena5es w'ere more 
active or abundant in the enzyme preparation. Occasionall 3 ’' when malate 
was the hydrogen donor substrate, DPN showed as much activit 3 ’' as TPN. 

When the enzyme preparation was fortified vith DPN and glucose-6- 
phosphate dehydrogenase from Leiiconosioc mesenteroides (6), a far greater 
stimulation resulted with DPN than with TPN (Table I). 

Effect of Flavin Nucleotides — FAD and FMN were shovm earlier (3) to 
increase Nz formation from nitrite and, concomitantl 3 ^, resulted in a de- 
crease of NO accumulation in the gas phase. The result of adding either 
of these to a partially resolved enzyme is reported in Table II. Unfrac- 
tionated extracts show no stimulation b}'" either nucleotide, whereas the 
fractionated enz 3 ’'me shows a definite requirement for full activit 3 ’', sug- 
gesting that ammonium sulfate fractionation, repeated precipitation, and 
prolonged dialysis are effective in producing at least a partial resolution of 
the enzyme. 

Effect of Metals on Nitric Oxide Reductase — In studies of the over-all en- 
zymatic reduction of nitrite to niti-ogen, it was found that the reduction of 
nitric oxide to nitrogen was the most sensiti’^m step to the action of metal- 
binding agents such as cyanide, salic 3 daldoxime, and sodium dieth 3 ’'ldithio- 
carbamate. The effect of these agents was again studied with NO as the 
substrate. Demineralized water, as described in Paper I, Avas used in all 
reagents. Preineubation of the enzyme with the metal binders for a period 
of 1 hour was performed before any activity measurements were started 
(Table III). At 1 X Krf- m and 5 X 10~=’ :u, sodium dieth 3 ddithiocarba- 
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mate showed an inhibition of nitric oxide uptake of about 50 and 40 per 
cent, ^espectivel 3 ^ The carbamate was a good inhibitor oni}-^ when freshlj' 
prepared, since the reagent was not stable on storage. On the other hand. 


Table I 

Effect of Pyridine Nucleotides on Nitric Oxide Rediictase 


Additions to reaction misture 

XO con\erted to X* m 30 min. 


fimoUs 

None ... .... 

0.00 

Glucose-6-phosphate ... 

0.27 

” + TPN 

10.94 

“ -f DPN 

19.54 

1-AIalate -p TPN ... 

3.61 


The reaction mixture consisted of enzjTne 26.8 mg., glucose-6-phosphate dehy- 
drogenase from L. mesenteroides 5 mg., Tris buffer of pH 7.9, final molaritj’' O.OS, in 
the main compartment; TPN and FAIN 0.1 /imole each and AlgCb 10 /<moles in one 
side arm, and 30 /^moles of glucose-6-phosphate or Z-malate in the other. Total 
volume of the reaction mi.xture 3.0 ml.; 0.2 ml. of 20 per cent KOH in the center 
veil; bath temperature 30°; gas phase approximately 25 per cent NO in pure nitro- 
gen. The reaction was started by tipping in the contents of the side arms. 


Txble II 

Effect of Flavin Nucleotides on Nitric Oxide Reductase 


Additions to reaction mixture 

! XO cofl\erted to Xs in ISO min. 

Experiment 1 

Experiment 2 


nmoles 

nmoles 

None 

0.6 

0.2 

TPN . . 1 

7.8 


“ -f FAIN 

12.2 

16.4 

“ + FAD 



DPN 

0 2 


“ + FAIN . . 

1 s 



The reaction mixture consisted of rf-isocitric dehydrogenase 1 mg., enzj-me 25 5 
mg , Tris buffer of pH 7.9, final molarity O.OS, in the main compartment; TPX or 
DPN 0.1 /imole, FMX or FAD 0.1 /imole, and AIgCl» lO/imoles in one side arm; gju- 
cose-6-phosphate 20 amoles and d-isocitrate 10 jimoles in the other side arm. The 
other conditions vere the same as in Table I. 

salicjdaldoxime, which is stable for a long period in concentrations of 1 X 
10“^ jr and 5 X KX’ sr, gave about 45 and 35 per cent inhibition, respec- 
tivelJ^ 

WTien the enzjmie was dialj-zed at 0° against either of these metal-bind- 
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ing agents and subsequently against demineralized Y'ater, there was very 
definite stimulation of enzymic activity the addition of copper or iron. 

Table III 


Effect of Mclal-Binding Agents on Nitric Oxide Rednetase 


Inhibitor 

Concentra- 

tion 

NO converted to Ki in ISO min. 

E.'cperi- 
ment 1 

Experi- 
ment 2 

Experi- 
ment 3 

None 

Xf 

'BRIPRIH 

iimoles 

4.90 

1.86 

nmoies 

3.77 

Diethyldithiocarbamate 

1 X 10- = 

5 X 10-= 

1 X 10-= 

5 X 10- = 

<1 

3.18 


Salic 3 daldoximc 








The reaction mixture consisted of the enzj'me, 1 mg. of rf-isocitric deh 3 ’’drogenase, 
inhibitor as indicated, pliosphate buffer of pH 7.0, final molarit}' O.OS, in the main 
compartment; TPN and FMN 0.1 pmole each and 10 /zmoles of MgCfi in one side arm; 
20pmoles of glucosc-G-phosphate and 10/tmoles of tf-isocitrate in the other side arm. 
Other conditions as in Table I. The amount of enzj'me was 22.6 mg. in E.vperiment 
1 and 16.8 mg. in Experiments 2 and 3. 


Table IV 

Activation by Cw^ of Nitric Oxide Reductase Treated with Metal-Binding Agents 


Concentration of Cu'*^ j 

NO converted to Ns in ISO min. 

Experiment 1 

E.xperiment 2 

Experiment 3 

Experiment 4 

If 

nmoles 

nmoles 

nmoles 

nmoles 

None 

6.8 

6.6 

6.4 

6.2 

1 X 10-= 

5.3 

5.9 

9.8 


5 X 10-“ 

8.3 

8.1 

9.4 


1 X 10-“ 

9.8 

9.3 

7.3 

6.8 


The reaction mixture consisted of buffer, 0.08 m final concentration, enzj^me, 
cf-isocitric dehj^drogenase 1 mg., MgCl* 10 //moles, and CuSO/ as indicated, in the 
main compartment; TPN and FMN or FAD 0.1 //mole each in one side arm; glucose- 
6-phosphate 20 //moles, d-isocitrate 10 jiiaoles, and 1-malate in the other side arm. 
Other conditions as described in Table I. The enz 3 'me was treated with 1 X lO'^ m 
of either metal -binding agent for 48 hours and dial 3 'zed against demineralized water 
for 72 hours. In Experiments 1 and 2, Tris buffer, pH 7.9 and enz 3 ’'me 17.8 mg., 
treated with salic 3 daldoxime. In E.xperiments 3 and 4, phosphate buffer, pH 7.0 
and enz 3 '^me 30.6 mg., treated with diethyldithiocarbamate. FMN was used in 
Experiments 1 to 3 and FAD in E.xperiment 4. 

With untreated enzyme preparations, the stimulation was not observable, 
and copper ions often showed an inhibitory effect. The prolonged dialysis 
used in these experiments resulted in a considerable loss of enzyme activity. 
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It \vas therefore necessary to concentrate the enzyme solution bj' evapora- 
tion in the cold before use. 

In the experiments reported in Table IV, the treated enzyme showed a 
maximal activation of approximate^'' 40 to 50 per cent at concentrations 
of Cu++ 1 to 10 X 10“'* iM when all other kno'nm cofactors were added to 
the reaction. 

Vlien rMN was replaced by FAD in the same concentration, stimula- 
tion within the same range was obtained. 

T.\ble V 


Effect of Various Metals on Nitrite Oxide Reductase Treated with Salicylaldoxime 


Metal 

1 

1 Concentration 

XO converted to X* 
in 180 min. 

1 


j/ 

fimoUs 

None 


7.S 

Cu++. 

o 

X 

10.9 

Fe++.. 

2 X KF* 

, 9.8 

f C 

2 X 10-< 

9.4 

MoO- 

5 X 

7.7 

MoOj 

1 X io-< 

7.8 

Mn++ 

5 X 10-« 

7.9 

Zn-^ 

5 X 10-< 

8.3 

Co-+ 

2 X 10-< 

7.8 


The reaction mixture consisted of enzjme 23.6 mg., d-isocitric dehj-drogenase 1 
mg., Tris buffer of pH 7.9, final molarity O.OS, and MgCb lOpmoIes, in the main com- 
partment; TPN and FMN 0.1 ^mole each; metal as indicated in one side arm; glu- 
cose-6-phosphate 20 ^moles, 1-malate 10/jmoles, and rf-isocitrate 10 ^imoles in the 
other side arm. Other conditions as described in Table I. The enzjTne was treated 
with 1 X 10“^ M salicylaldoxime for 4S hours and diah'zed against demineralized water 
for 10 dar’s. 


In Table V, the effects of other metals were compared bj' using an en- 
zyme preparation treated with 1 X 10“- Ji salic3'laldoxime. Cu"^ at 5 X 
10“* .M showed 58 per cent stimulation, and ferric and feiTous ions at 2 X 
10“^ w gave 27 and 15 per cent activation, respectivelj-. ]\Io 04 “, AIoOs, 
Mn-^+j and Zn'*-^- at 5 X 10 ~* m and Co++ at 2 X ICH had no effect on 
enzj'me actix-itjv 

DISCUSSION 

It appears evident from the preceding results that the reduction of nitric 
oxide to nitrogen requires for full acth-itj’ either TPAT or DPN and FMN 
or FAD, as well as copper and iron ions. At no time was it possible to 
show any additive effects between DPX and TPX or between FAD and 
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FMN. In general the nitric oxide reductase is more amenable to resolu- 
tion by repeated ammonium sulfate precipitation tlian is nitrite reductase. 

It has not been possible to show definitely any role for c^dochrome in 
extracts. Tlie enz^nne contains substantial amounts of c}dochrome which 
cannot be rcadilj’’ separated. That this compound plays a part in the elec- 
tron transfer during denitrification is strongly’’ suggested by its accumula- 
tion in large quantities during anaerobic growth of the organism in the 
nitrate or nitrite medium. Furthermore, it was found that intact cells 
show an absorption band at 556 m/i, which disappears when the cells are 
exposed to nitrite or nitrate (7). 

The demonstration that NO is reduced to No does not exclude the forma- 
tion of No from other intermediates in denitrification. However, until 
that has been shown to be the case, it is reasonable to assume that NO is 
on the main pathway of denitrification. The electron transfer mechanism 
may be visualized as follows: 

TPNH 

H'*' d- or — t FAD — > Cu"^ or (and) Fe"'^ (cytochrome) — + NO 

DPNH 


SUMMARY 

The enz 3 '’matic reduction of NO to N 2 requires the presence of a pyridine 
and a flavin nucleotide as well as copper or iron ions for maximal activity. 
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A FURTHER STUDY OF CRYSTALLINE d-UTlOBILIN* 


By C. J. WATSOX and P. T. LOWRYt 

[From the Department oj Medicine, University of Minnesota Hospital, Minneapolis, 

Minnesota) 

(Received for publication, July 1, 1955) 

The isolation of a crj'stalline dextrorotator}' d-urobilin hj’drochloride 
from infected fistula bile u-as reported from tliis laboratorx' a number of 
years ago ( 1 ). Recently this substance has also been obtained from the 
feces of patients whose fecal flora has been altered b}' Aureomycin or 
Terramj'cin ( 2 ). This has been confirmed b}' James cl al. ( 3 ). In these 
earlier studies the substance was isolated b\' means of the procedure de- 
scribed in 1934 ( 4 ) for isolation of stercobilin. As well as being long and 
tedious, this method has never permitted preparation of the crj^stalline- 
free d-urobilin, even though the hydrochloride first obtained was repeatedly 
rectystallized from chloroform or acetone. The customarx’^ method of con- 
version of the hydrochlorides of stercobilin or opticallj* inactive urobilin 
(i-urobOin) to the corresponding free substances bj' crj-stallization Rom 
acetone was unsuccessful in the case of the free d-urobilin. It was believed 
important to crj-stallize the free substance in order to permit comparison 
of its melting point and of other characteristics uith those of stercobilin 
and i-iuobilin. A new and simpler method of isolation of these three 
members of the urobilin group has recently been described ( 5 ), which em- 
bodies a technique of recrj'staUization in which chloroform is avoided, as it 
promotes oxidation and is present in the crj-stals as CHCI3 of crj'stallization. 

Methods 

The hydrochlorides of stercobilin, f-urobilin, and d-urobilin, especiall3' of 
the latter, are best recrj'stallized from meth3'l alcohol-eth3-l acetate ( 5 ). 
By far the purest d-urobilin h3’-drochloride has been obtained b3' this 
method. The cr3^stals are long needle-like prisms of light orange-3'ellow 
color. 

The cr3"stalline h3"drobromide was readil3' prepared for comparative ana- 
l3rtical purposes. The cr5’’stalline h3'drochloride was dissolved in dilute 
NaoCOs solution, followed b3^ acidification with h3'drobromic acid (l.o sp. 

* This work was done in part under a contract from the Office of the Surgeon 
General, United States .\rmy, and under the sponsorship of the Commission on Liver 
Diseases, Armed Forces Epidermological Board; also under a contract with the 
.Atomic Energj- Commission. 

t Aided a Fellowship from The Xational Foundation for Infantile Paralvsis, 
Inc. 
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gr., diluted with 4 volumes of watci-). TJie Jiydrobromidc was then ex- 
tracted with CllCl.i, precipitated in petroleum ether (sec below), and 
crystallized from methyl alcoliol-othyl acetate in the same manner as the 
h^'-drocliloride. 

The ciysiallinc'frcc rZ-urobilin is also prepared from the h 3 ’’drochIoride. 
The ciystals are dissolved in a small amount of dilute sodium carbonate 
solution. This is placed in a scparatoiy funnel, barc],y acidified with 5 per 
cent tartaric acid and extracted two or three times with etlyl ether to re- 
move any mesobiliviolin that ma}’^ have foi’mcd, especially if the hydro- 
chloi’ide lias not been frcshlj'^ rcciystallizcd. The removal of mesobilivio- 
lin is readilj'’ followed bj' a change in the color of the ether, the aqueous 
solution assuming a more orange-j’-cllow color as the mesobiliviolin is ex- 
tracted. The f/-urobilin is then extracted from the aqueous solution by 
CHCls, a number of extractions being neccssaiy to remove most of the 
material. The amount of chloroform is kept at a minimum and the pooled 
chloroform solution is filtered through chloroform-moistened paper into a 
large volume of dry petroleum ether (at least 10 parts of petroleum ether 
to 1 of chloroform). The free d-urobilin that precipitates almost quanti- 
tatively is collected. It is then at once redissolved in a minimal amount 
of methyl alcohol, which is further concentrated by bj-ief heating in the 
boiling water bath under reduced pressure. To the concentrate are added 
a few ml. of hot acetone, the solution being held veiy briefly in a boiling 
winter bath. On cooling, the substance ciystallizes in long needles. Ovdng 
no doubt to the considerably greater lability of the free d-urobilin and its 
easy conversion to mesobiliviolin and glaucobilin, the jdeld is small. In 
one run, 11 mg. were obtained from 99 mg. of hydrochloride. 

The dioxaue-HCl reaction was employed as described for d-urobilin in 
the first report of its isolation (1). The material to be tested was dissolved 
in 5 ml. of pure dioxane, and 0.1 ml. of 3.0 n HCl was added. The solu- 
tion was then heated in the boiling water bath, the color change being 
observed every 30 seconds for 3 minutes. The Lemberg color reaction vith 
FeCL in HCl (6) was studied with d-urobilin, as contrasted vnth f-urobilin; 
a significant difference was noted as described later. 

Amalgam reductions were carried out in small volumes of solution (7). 

Melting points were determined with a Fisher-Johns block. The ther- 
mometer was calibrated against a number of compounds of known melting 
point between 100-300°. 

Optical activity was determined in a Rudolph model No. 80 high pre- 
cision polarimeter, 20 cm. cells being used. Spectroscopic absorption 
maxima were measured in a Zeiss grating spectrometer. Infi-a-red spectra 
were recorded in a Perkin-Elmer model No. 21 spectrometer in KBr pel- 
lets.^ X-ray crystal powder diffraction patterns were taken with a Gen- 

1 Department of Pl^sical Chemistry, University of Minnesota. The authors 
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eral Electric XRD-3 unit, with the use of CuK a-radiation and a North 
American Phillips powder camera adapted b}-- the Central Research Labo- 
ratories, Red Wing, hlinnesota. Elementarj' microanalyses were carried 
out after the materials u'ere dried in a high vacuum over calcium hydride 
at 56°."- 


Table I 

Melting Points (Decomposition) 



Hydrochloride j 

Free substance 


'C. 

"C. 


162-163 

172-174 


156-161 

175-177 


157-162 

234-236 

Stercobilin | 


Table II 


Elementary Analyses 




Calculated 

Found 



per cent 

per cent 

C3,ILoN,06-2H50 

c 

63.05 

63.22, 62.67, 64.97 


H 

7.00 

7.22, 7.07, 7.10 


N 

8.91 

9.30, 8.97 


H:0 

5.7 

4.2* 

C 3 3^1 4 O^lO 6 * H G 1 

C 

63.4 

64.03 


H 

6.57 

7.03 


N 

8.97 

8.96 

Cj slii 0 N 4 O 6 * HB r 

C 

59.2 

58.09 


H 

6.13 

6.35 


N 

8.37 

8.52 


Br 

11.95 

10.24 


Ash 


O.S 


* 100° at 0.1 mm. pressure over PjOs. This and the corresponding C and H de- 
terminations were carried out through the courtesy of James R. Kern, General iMills 
Research Laboratory, Minneapolis, Minnesota. 


It is noteworth 5 ’' that the dioxane-HCl reaction, especially the blue com- 
ponent, is not as intense with the purest d-urobilin as with that obtained 
from chloroform or chloroform-acetone. The reason for this is not entirely 
clear, but it appears likely that certain impurities in the latter preparations 
catalyze oxidation to mesobili\aolin and glaucobilin. These substances are 

are indebted to Professor Bryce Crawford and Jlr. Ralph Golike for the infra-red 
spectra, and to Professor ■William Lipscomb for the x-ray crystal powder patterns. 

= Carried out through the courtesy of E. F. Shelberg, Head of Microchemical De- 
partment, Abbott Laboratories, North Chicago, Illinois. 
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readily identified in the reaction mixture liy aluininnni oxide clironiatog- 
raphy (8). The possiliility was considered that admixture with meso- 
hiliviolin itself might bo responsible for the more intense reaction observed 
witli the ciystals obtained from chloroform-acetone. However, the addi- 


WAVELENGTH lO MICRONS 



Fig. 1. Infra-red spectra of membei-s of the urobilin group. Curve A, d-urobiiino- 
gen; Curve B, d-urobilin; Curve C, z-urobilin; Curve D, stercobilin. 

tion of pure mesobiliviolin (8) to d-urobilin, carefully freed of mesobilivio- 
lin, w^as ineffective in producing a more intense color reaction. 

The Lemberg reaction is characterized b}'^ a deep bluish green or aqua 
color in conti-adistinction to the clear blue produced under the same con- 
ditions bj^ f-urobilin. However, this is not entireb^ consistent. On oc- 
casion optically inactive material has yielded a green, and dextrorotatoiy 
material a blue color. Our studies to date indicate that these represent 
closely related oxidative stages. The melting points of d- and z-urobilin 
and stercobilin are given in Table I. 
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As M-ith (/-urobilinogen, (/-urobilin is reaclilj' converted to mesobilirubui- 
ogen (C33H44N4O6) in the usual vcay ( 7 ). (/-Urobilinogen is obtained, how- 
ever, if the reduction is allowed to proceed for but a brief period, such as 

Table III 


Visible Absorption Spectra (Maximal) (in Dioxane) 


d-Urobilin HCl 

mu* 

495.2 -i- 0.7 

t'Urobilin “ 

495.2 ± 0.9 


492.7 ± 0.7 



* Average of six readings. 


Table IV 


X-Ray Crystal Poicder Patterns; Inter planar Spacings in A 


StercobiUn 

<f-UrobiUn 

I'Urobnin 

<f-Urobilinogen 

w. 

2.06 

w. 

1.84 

w. 

2.05 

w. 

1.78 

tt 

2.28 

tt 

1.91 

it 

2.81 

tt 

1.87 

(€ 

2.45 

tt 

2.02 

W.M. 

3.20 

tt 

1.92 

tt 

2.82 

tt 

2.24 

M. 

3.42 

W.M. 

2.05 

tt 

3.15 

tt 

2.30 

it 

3.64 

W. 

2.13 

tt 

3.37 

tt 

2.41 

W. 

3.94 

tt 

2.29 

M. 

3.50 

tt 

2.57 

M. 

4.14 

W.M. 

2.42 

M.S. 

3.67 

tt 

2.66 

S. 

4.71 

W. 

2.54 

W. 

3.99 

W.M. 

2.75 

tt 

5.17 

tt 

2.63 

iM.S. 

4.22 

tt 

2.86 

W.M. 

5.66 

W.M. 

2.74 

W.M. 

4.66 

tt 

3.21 

M. 

7.42 

iVI. 

2.86 

M.S. 

4.94 

M. 

3.42 

W. 

8.32 

W. 

3.07 

S. 

5.45 

tt 

3.62 

S. 

9.58 

W.M. 

3.39 

W. 

6.05 

Vi. 

3.89 

M.S. 

11.60 

W. 

3.59 

M.S. 

7.35 

M. 

4.06 

M. 

16.32 

S. 

3.74 

W.M. 

8.57 

W.M. 

4.38 



M. 

3.96 

M. 

9.80 

S. 

4.81 



S. 

4.10 

tt 

12.96 

ft 

5.11 



tt 

4.26 

tt 

16.32 

W.M. 

5.70 



tt 

4.43 



W. 

6.63 



M. 

4.76 



tt 

7.61 



tt 

5.17 



it 

8.65 



tt 

5.66 



s. 

9.69 



M.S. 

6.05 



M. 

11.45 



tt 

6.63 



tt 

14.69 



M. 

7.23 







tt 

7.SS 







W.M. 

9.58 







tt 

11.01 







S. 

12.96 


W., weak; M., moderate; S., strong. 
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5 io ]0 minutes (see the companion paper), ('/-Urobilinogen is easily con- 
verted to f/-iiro!)i!in, oil her b}' exposure Io air or by dehydrogenation v'ith 
suitable amount s of iodine (o). 

Tlie empirical foi'inula of d-urobilin has not j'ct been determined with 
certainty. The elementary analyses are in best, accord with the formula, 
Cs 3 H 4 oN.tOr,' 2 ITv; 0 . This is in agreement, with the evident water content 
of the compound. Because of its h.vgroscopic character and tendency to 
darken on drying, it. is believed that the analyses of the free substance are 
not as rciial)lc as those of the hydrochloride or h 3 'drobromide. The ana- 
lytical data arc given in Table II. 

This tentative formula is isomeric with mcsobili\'iolin on the one hand 
and witli mesobilirubin on the other, Tlie formula is consistent with the 
ease of reduction to d-urobilinogcn (lU;) In’- amalgam and the oxidation of 
the latter to d-urobilin bj’ !•>. 'I’he exact structure of d-urobilin is un- 
known, as is the basis for its remarkable optical activity, +5000°). 

The infra-red spectra for d-urobilinogen and the three members of the 
urobilin group are shown in Fig. 1. It is seen that d- and f-urobilin are 
almost indistinguishable; the absorption of stei-cobilin, however, is distinc- 
tive. This has also been found to be true for the free substances. The 
absorption spectra of the three urobilins iji the tysible range are quite com- 
parable to those observed in the infra-red (see Table III). 

The three compounds are readil}’- distinguislied from one another by 
their x-ray crystal powder patterns (Table IV). 

STOIMARV 

1. A method is described for the preparation of ciystalline d-urobibn- 
This involves preliminaiy ciystallization of the hj’^drochloride from method 
alcohol-eth 5 d acetate and crystallization of the free substance from methj'-l 
alcohol-acetone. 

2. A tentative empirical formula, C33H4oN406-2H20, is suggested foi' 
d-urobilin. This is believed to be derived from mesobilirubin b}’- prelimi- 
nary hydrogenation to an isomeric dihj'-dromesobilirubin or d-urobilinogen. 
Dehydrogenation then results in the formation of the dextrorotatory 
urobilin. 

3. The infra-red spectrum of stercobilin (/-urobilin) distinguishes it from 
i- or d-urobilin, which are themselves almost identical bj'- this method. 
All three substances, howeAmr, exhibit distinctive x-ray eiystal powder 

patterns. _ _ i -t 1 1 

4. The Lemberg iron chloride reaction characteristicallj'- exhibits a wue- 

green color with d-urobilin as contrasted with blue for /-urobilin, while 
stercobilin is unaffected. 
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The technical assistance of Dr. jMarie Berg, hlrs. Violet Swenson, and 
hliss Ruth Cardinal in the above work is gratefully acknowledged. 
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THE ISOLATION OF CRYSTALLINE rf-UROBILINOGEN* 
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(From the Department of Medicine, Unhersity of Minnesota Hospital and the 
Radioisotope Unit, Veterans Administration Hospital, Minneapolis, 

Minnesota) 

(Received for publication, July 1, 1955) 

Until recen% there have been only two well recognized members of the 
urobilinogen group, mesobilirubinogen, the chromogen of i-urobilin,^ and 
stercobilinogen, the leuco compound of urobilin or stercobilin. YTiile 
mesobilirubinogen is readilj’’ obtained in ciystalline form following amal- 
gam reduction of bilirubin or i-urobilin, stercobilinogen has never been 
cr 3 ’’stallized. Stercobilin, however, was first isolated in 1932 (1) and has 
been studied in considerable detail (2). As pointed out in the preceding 
paper (3), a third urobilin, d-urobilin, was isolated from infected fistula 
bile in 1942 (4). At that time the probable exnstence of a chromogen of 
d-urobilin Avas recognized and this was designated as d-urobilinogen, al- 
though it was not isolated. The occurrence of d-ru-obilin in the feces of 
patients treated with Aureomycin Avas reported in 1951 (5). Recent^, 
AA’hile crystallizing isotopically labeled bilirubin from this source (6), it was 
found possible for the first time to isolate d-urobilinogen in crj^stalline form. 
The purpose of the present communication is to describe methods of iso- 
lation as AA'ell as some of the properties of this chromogen. 

Methods of Isolation 

d-Urobilinogen has now been crj'stallized from two different sources. 

From Feces — d-Urobilinogen may be obtained from the feces of patients 
AA'ho haA^e receNed Aureomycin or Terramycin. The procedure used is 
based on a method recently described for isolation of members of the uro- 
bilin group (7). Appropriate samples of feces (1 to 4 day collections) are 
repeatedly ground in a mortar with 95 per cent ethyl alcohol. After each 
e.vtraction, this is filtered from the fecal residue either on a coarse sintered 
glass filter or Avith a Buchner funnel layered AAnth infusorial earth (Hjrfio). 

* This work has been supported bj' grants from the Louis W. and Maud Hill Family 
Foundation and the Atomic Energy Commission AT(11-1)-10S; it has also been done 
in part under a contract from the Office of the Surgeon General, United States Army, 
and under the sponsorship of the Commission on Liver Diseases, Armed Forces Epi- 
demiological Board. 

t Aided by a Fellowship from The National Foundation for Infantile Paralysis, 
Inc. 

* Optically inactive. 
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llie combined alcoholic cxinicfs arc then run through a cohnnn of alumi- 
num oxide (Baker and Adamson) previously saturated with alcohol. The 
urobilinogen is retained on the column and subsequently is eluted with 
water. The cluatc is weakly acidified with glacial acetic acid and re- 
peatedly extracf.cd with petroleum ether. '’J'hc combined petroleum ether 
extracts arc washed several times with water, filtered through a petroleum 
etlici’-moistcned filter, and concentrated to a small volume under reduced 
pressure. From this solution a light 3’’cllow ciystalline precipitate forms. 

Further piu’ification is accomplished bj'^ chromatograph}’'. The jmllow 
precipitate is dissolved in 2 to 3 ml. of chloroform, to which are added 
ajjproximatel}'- 50 ml. of petroleum ether. If slight precipitation occurs, 
the solution is filtered. It is then poured on a large column of ordinary 
powdered (cane) sugar previously saturated ^vith petroleum ether. The 
column is developed with petroleum ether. Two j^ellow zones appear, one 
at the top of the column and one nearly at the liead of the eluting fluid. 
After full development, the colorless portion between the two 3’ellow zones 
is cut out and dissolved in a small amount of rvater. This solution is 
weakly acidified with glacial acetic acid and extracted several times vnth 
petroleum ether. The combined extracts are then concentrated to a small 
volume under reduced pressure. On standing, colorless crystals separate. 
Recrystallization may be carried out from petroleum ether, chloroform- 
petroleum ether, or eth3d acetate. Yields of approximately 15 per cent of 
the original total fecal urobilinogen, as based on the Ehrlich reaction (8), 
are obtained. 

From d-Urohilin — d-Urobilinogen may also be obtained b}’’ partial reduc- 
tion of crystalline d-urobilin according to the follo'wing procedure. 100 
mg. of crystalline d-urobilin hydrochloride (3) are dissolved in 0.2 ml. of 
0.1 N NaOH, to which 0.8 ml, of water and 5 gm. of 4 per cent sodium 
amalgam are added. The mixture is shaken in a small container for 10 to 
15 minutes. At the end of that time the sodium amalgam is removed and 
the solution diluted to 100 ml. with water. After acidification with glacial 
acetic acid, the water phase is repeatedly extracted with petroleum ether. 
Thereafter, the procedure is identical with that used in the isolation of 
d-urobilinogen from feces, except that chromatography is unnecessary to 
obtain the pure crystalline material. If reduction is continued for 30 to 
60 minutes, mesobilirubinogen is consistent!}'- formed.^ By the shorter re- 
duction, how'ever, crystalline material is obtained 'which is identical with 

2 Ferrous hydroxide reduction, as in the regular quantitative procedure for uro- 
bilinogen in urine or feces (8), inconsistentlj' converts d-urobilin or d-urobilinogen to 
mesobilirubinogen. The reduction usuallj"- occurs when crystalline material is used, 
but appears to be prevented or partial^' hindered in many instances by impurities in 
urine or feces. This is receiving further study. 
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the rf-urol^ilinogen isolated from feces. The jdeld of d-urobilinogen aver- 
ages 30 to 50 per cent of the weight of the original d-urobilin. 

Proof that this substance is d-urobilinogen was afforded b}' the ease of 
oxidation to d-nrobilin. 21.4 mg. of d-urobilinogen were dissolved in a 
few ml. of ethyl acetate and this was mixed with 500 ml. of petroleum ether. 
Dehydrogenation to urobilin was then carried out with iodine as recently 
described (7). A yield of 9.5 mg. of crj'stalline d-urobilin was obtained. 
The material was identified as d-urobilin by the dextrorotation ([ajn** 
-1-5000°) and characteristic blue reaction in the dioxane-HCl test (4). 



Fig 1. Crystals of rf-urobilinogen. a, from petroleum ether; b, from chloroform- 
petroleum ether; X 120. 


Properties 

d-Urobilinogen is a white powder which consists of long needles when 
crystallized from petroleum ether or ethyl acetate (Fig. 1, a), and of nearly 
square plates when crj’-stallized from chloroform-petroleum ether (Fig. 1,6). 
With the latter method the yield is smaller but the crystals are larger and 
better formed. The compound has the following properties. 

It is readil 5 ' soluble in chloroform, ethyl ether, acetone, benzene, glacial 
acetic acid, ethjd alcohol, and dilute alkali. It is less soluble in ethjd 
acetate, petroleum ether, and mineral acids, and much less soluble in water. 

The crystals from ethyl acetate and petroleum ether first shrink at 142- 
145°, but liquefaction is not complete until about 175°. The crj-^stals from 
chloroform-petroleum ether melt at 110-115°. This difference, as well as 
the different cr 3 'stal habitus, is probabl 3 ’' due to the presence of chloroform 
of cr 3 ’^stallization. A^Tien such cr 3 ’^stals are washed with pure petroleum 
ether, they immediatel 3 ' reform as long needles and again exhibit the higher 
melting point. 

Contrar 3 " to preliminar 3 " obsen^ations (9), d-urobilinogen has now been 
found to exhibit a small degree of optical acti\'it 3 ^ if measured^ in sufficient 

’ .All measurements of optical acti^^ty were made in a high precision polarimeter 
(0. C. Rudolph and Sons, Xo 21). 
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concentration in chloroform. ’'J’Jirec individually prepared solutions of 1 
gm. per 100 ml. gave net values of Hf” +70,5°, +78.0°, and +73.5°, with 
an average of +74°. Correclions were made for Ihe small amounts of 
d-urobilin which wei’c formed after the .solutions were prepared. 

For comparative purposes, stercobilinogcn was similarly investigated. 
Previous observations (10) had indicated a complete absence of optical ac- 
tivity, but the concentrations used never exceeded 100 mg. per cent. A 
petroleum ether solution of stercobilinogcn (7) was concentrated to dryness 
under reduced prc.ssurc and the residue dissolved in chloroform to give a 
concentration of 2 gm. per 100 ml. With the necessary correction for the 
slight oxidation to stercobilin, the specific optical activity of stercobilinogen 
was found to be —16,7°. Mesobilirubinogen, prepared in a similar 
manner and concentration, was optically inactive. 

^Vlien heated in didxahe to which 2 drops of 3.0 n HCl have been added, 
d-urobilinogen exhibits a color plaj'^ of brown-green-red-purple, the latter 
most frequentlj'- predominating. After standing several hours, the solu- 
tion usually assumes a deep blue color similar to that wliich d-urobilin 
exhibits in this reaction. 

The infra-red spectrum and x-ray ciystal powder pattern are given in the 
preceding paper (3), for comparison with those of d-urobilin, f-urobilin, and 
Z-urobilin or stercobilin. 

No color play is exhibited with the Gmelin test. 

The solution turns yellow-brown in the diazo reaction. 

Separate elementaiy analyses^ have been run on samples obtained from 
feces and from the reduction of d-urobilin with the following results. 

Calculated (C 33 H«N 40 c). C 67.12, H 7.12, N 9.49 

“ (CasH^N^Oe). “ 66.89, ” 7.43, “ 9.46 

Found (from feces). “ 68.23, “ 7.84, “ 9.04 

“ 67.81, ” 8.07, “ 9.28 

Found ( “ d-urobilin). " 68.07, “ 7.80, “ 8.83 

“ 67.38, “ 7.37, “ 9.51 

It is seen that the above analytical data are not in as close agreement as 
desired with the empirical formula, C33H42N4O6. The values for hydrogen 
agree better with H44 but the carbon analyses are believed to be most re- 
liable, and these are in better accord with a formula having H42. Further- 
more, it is clear that d-urobilinogen is readil}'- reduced to mesobilirubino- 
gen, which has been synthesized (11) and has the formula C33H44N4O6. 

Carried out through the courtesj^ of E. F. Shelberg, Head of Microchemic.al 
Department, Abbott Laboratories, North Chicago, Illinois. 
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Also it is easil}' oxidized to d-urobilin, which, as noted in the companion 
paper, is believed to have the formula C33ll4o^406. Thus the formula 
is tentatively regarded as in best agreement with our present 
information. 


DISCCSSIOX 

Ciystalline d-urobilinogen shares man3’' of the properties of mesobil- 
iinbinogen and stercobilinogen. It is colorless, unstable, exhibits an in- 
tense Elirlich aldehyde reaction, and is the chromogen of a urobilin. 

The available eddence indicates that d-urobilinogen ma}' be an isomer of 
dihydromesobilirubin (C 33 H«N 40 c). It is noteworthy, however, that, 
wliile d-urobilinogen is colorless, dihj'dromesobilirubin is a verj- light 3'el- 
low. The latter compound was obtained by Fischer as a side product in 
the catahdic In'drogenation of bilirubin ( 12 ). Several mg. of this sub- 
stance have recentl3' been prepared® 63" this process for purposes of com- 
parison with d-urobilinogen. It also exhibits a blue color when heated in 
dioxane-HCl and there is no color pla3’- in the Gmelin test. Unlike d-uro- 
bilinogen, it is converted directl3’’ to mesobUiviolin when oxidized ndth 
iodine. It also differs in giving a positive diazo reaction and a Adolet 
Ehrlich aldeh3'de compound. Microscopicall3' it is seen to consist of 
sharp, fairl3' short needles. It does not have a sharp melting point, but 
there is no change until well over 230 °, in contrast to d-urobilinogen, which 
starts to melt at 142 - 145 ° or 110 - 115 °, depending on the solvent from which 
it is cr5"stallized. 

Fischer suggested two alternative structural formulas for dih3'dromeso- 
bilirubin ( 12 , 13 ). The possibiiit3^ has been considered that one of these 
formulas might be that of d-urobilinogen, but this cannot be determined on 
the basis of the present stud3L 

The 3mllow compounds which are separated from d-urobilinogen b3’^ 
chromatograph5% during its isolation from feces, have recentl3’ been iden- 
tified as mesobilirubin and dih3’-dromesobilirubin. The latter has generall3' 
been considered as a normal intermediar3' in the bacterial reduction of 
bilirubin, although purel3’’ on theoretical grounds, as it has never pre\’iousl3' 
been detected in feces or intestinal content. UTiether d-urobilinogen is a 
normal intermediar3" between mesobilirubin (C33H4oN406) and mesobil- 
irubinogen (CssEhN^Os), or an aberrant derivative formed because of an 
abnormal bacterial flora, is unknown. Stud3' of this question is in progress. 
It is clear that d-urobilinogen is formed as the result of bacterial actmt3' 
and this is of special interest since it contains less h3'drogen than meso- 
bilirubinogen, and is easily reduced to it. Since the latter is readily con- 

® We are indebted to W. E. Moore of the Department of Chemistry, University of 
Minnesota, for the hydrogenation and isolation of this compound. 
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verted by normal fecal haeicria to stcrcobilinogen (14, 15), it is now evident 
that all members of the urobilinogen group are easily formed by bacteria 
and that the enterogenous concept is fully supported. 

SUMMAUV 

1. The isolation of crystalline d-urobilinogen is described. It has been 
obtained (a) from feces of patients treated with Aurcomycin or Terramycin 
and (b) following brief amalgam reduction of r/-urobilin. Longer reduction 
results in formation of mesobilirubinogen. 

2. Tlie empirical formula of the colorless f/-urobilinogen is tentatively 
believed to be C33H.12N4OC, isomeric with the light j^ellow dih3^dromeso- 
bilirubin. 

3. d-Urobilinogen is formed by bacterial activity, but whether only an 
abnormal, or a transitoiy normal, intermediary remains to be determined. 
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PLANT MATERIAL* 

Br DONALD B. MELVILLE and STEPHEN EICH 
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New York, Mew York) 

(Received for publication, July 12, 1955) 

The question of the sjuthesis of ergothioneine by animals has been in- 
vestigated in this Laboratory bj'’ the administration of isotope-labeled 
compounds considered to be likelj’^ precursors. No e\’idence for the forma- 
tion of radioactive ergothioneine was obtained with C*Lhistidine in the 
rat, methyl-labeled C^^-methionine in the rat or chicken, S^°-methionine in 
the rat, guinea pig, or pig, and S’^-cj'stine in the human (1, 2). Studies 
with germ-free chickens have shown that the intestinal flora does not con- 
tribute significant amounts of ergothioneine (3). We have concluded that 
ergothioneine is not synthesized bj' anj’' species of animal so far studied 
and is dietary in origin. 

This e-vddence for the non-sjmthesis of ergothioneine bj' animals has been 
difficult to reconcile vith the fact that ergothioneiue apparently occurs 
universally in animal bloods, since attempts bj' various workers over a 
period of years have failed to demonstrate the presence of ergothioneine in 
plant material (3-6). We have therefore examined oats, which have been 
shown to give rise to blood ergothioneine when fed to animals (6-8), and 
have been able to demonstrate, by isolation of the crj'stallme compound, 
that this grain does in fact contain ergothioneine. 

EXPERIMEKTAL 

A likely explanation for pre%’ious failures to detect ergothioneine in plant 
materials which are knoAvn to ser\’e as dietaiy sources of ergothioneine 
could be the occurrence of the substance in a bound form. However, we 
have presented e\ddence to indicate that the precursor effect of com is not 
associated with the protein fraction of this grain (2). It seemed possible 
that earlier difficulties might be due to a low concentration of the substance 
in plants (2), coupled with the fact that manj^ naturally occurring sub- 
stances interfere with the colorimetric methods which are used for the 
detection of ergothioneine. Accordingly', we directed our efforts toward 
the detection of free ergothioneine. Oats were chosen as the starting ma- 
terial because Baldridge and Lewis (6) and Baldridge (7) have shown them 
to be particularly effective as a dietary' source of blood ergothioneine, while 

* This work was aided by' a grant from the National Science Foundation. 
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wheal and l)arley have ])cen found lo be less efficient in tliis respect (8), 
and corn has given varial)!e rcsulls in ihe liands of dilTerent investigators 
(2, 5, 8, 9). 

Rolled oais (The Quaker Oats Coinj^anj', Chicago) of llie kind sold for 
human consumption were fed to rats which had previousl}’' been depleted 
of blood crgothioneinc by the feeding of a purified diet (30). Within 10 
weeks the animals had blood crgothioneinc le\'els of approximately 10 mg. 
per 100 ml. These ^'alucs ai-c considerabl}' higher than those obsenTd 
with corn (2) or other grains. However, attempts to identifj'- ergothi- 
oneine in c.xtracts of the oats, cither dircctl}’’ or after alumina chromatog- 
raph 5 '', were imsalisfactoiy bccau.se of the presence of substances which 
interfered with the color tost with diazotizod sulfanilic acid. More promis- 
ing results were obtained when oat extracts were treated with basic lead 
acetate to remove interfering substances prior to chromatograph 3 ^ With 
this procedure we finallj'’ obtained effluent fractions which gave the char- 
acteristic magenta color of ergotliioneine in the diazo test (11). This 
procedure was used in a quantitative fasliion to follow the progress of 
purification during subsequent i.solation experiments. The details of a 
fractionation procedure which led to the isolation of pure, crystalline ergo- 
thioneine are described below. 

Exiraciion of Oais — 2 kilos of rolled oats,^ which contained 34 mg. of 
ergothioneine on the basis of chromatographic anal 3 ’'sis, were ground 
mechanicall}’’ and added to 12 liters of hot water. The mixture was heated, 
vuth stirring, on a steam bath at 80-90° for 15 minutes and then 12 liters 
of 95 per cent ethanol were admixed. The liquid phase was removed as 
completely as possible by filtration through cheese-cloth in a press and 
evaporated to dryness under reduced pressure. The residue weighed 65 
gm. and contained 23 mg. of ergothioneine. 

Treatment with Lead Acetate and Ion Exchange Resin — The 65 gm. residue 
was mixed with 1.5 liters of water, and 190 ml. of a basic lead acetate solu- 
tion (12) were added. The precipitate was separated bj'- centrifugation 
and washed once with a small volume of water. The combined solutions 
were adjusted to pH 2 with concentrated sulfuric acid, and the precipitated 
lead sulfate was separated by centrifugation. The solution was passed 
through a column prepared from 1.5 kilos of the acetate form of Amberlite 
IRA-410 exchange resin (Rohm and Haas Compan}^, Philadelphia) and 
the resin was washed wdth 1 liter of water. The total effluent rvas evap- 
orated to dryness under reduced pressure. The residue weighed 34 gm. 
and contained 20 mg. of ergothioneine. 

1 These oats were part of a 100 pound lot purchased from The Quaker Oats Com- 
pany. Crystalline ergothioneine was also isolated in comparable yield from “old 
fashioned” Quaker oats purchased at local food stores. 
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Alximina Chromatography — ^The residue from the ion exchange colunm 
TV'as dissolved in 100 ml. of water and then 300 ml. of absolute ethanol were 
added. The precipitate which formed was separated by centrifugation 
and washed twice bj' dissohnng it in water and reprecipitating with 
ethanol. The combined supernatant solutions were passed through a 
column prepared from 4 kilos of alumina (Alcoa, grade F-20) in a column 
6 cm. in diameter. The column solvent was prepared bj*^ mbdng 3 volumes 
of ethanol with 1 volume of water. 10 liters of solvent were used, and the 
effluent was collected in 1 liter fractions. The major portion of the ergo- 
thioneme appeared in Fractions 7, 8, and 9. These were combined and 
evaporated under reduced pressure. The drj^ residue weighed 857 mg. 
and contained 20 mg. of ergotMoneine. 

The 857 mg. fraction was chromatographed again on alumina. In this 
step, 80 gm. of alumina were used and 20 ml. fractions were collected. 
Fractions 6, 7, and 8 contained 283 mg. of sohds and 15.4 mg. of ergothi- 
oneine. These fractions were combined, evaporated to drjmess, and used 
in the next step. 

Precipitation with Cuprous Oxide — ^The 283 mg. of solids were dissolved 
in 3 ml. of 0.5 x sulfuric acid and treated vith cuprous o.xide according to 
the procedure of Hunter, IMolnar, and Wight (13). The resulting pre- 
cipitate was decomposed with hjfflrogen sulfide, the solution was adjusted 
to pH 7 vith barium hydroxide, and the hydrogen sulfide treatment was 
repeated. The solution which was obtained was evaporated to (harness. 
The residue weighed 81.6 mg. and contained 9.2 mg. of ergothioneine. 

Alumina Chromatography — The residue was chromatographed on 20 gm. 
of alumina vith 80 per cent ethanol as the solvent. 5 ml. fractions were 
collected. Fractions 8 through 13 contained most of the ergothioneine. 
They were combined and evaporated to drjmess. The residue weighed 
8.6 mg. and contained 7.2 mg. of ergothioneine. 

Crystallization — ^The dried residue was dissolved in 0.03 ml. of water, 
0.25 ml. of ethanol was added, and crj'stallization was induced by rubbing 
the vessel walls with a fine glass rod. The mixture was kept at 5° fo*r 24 
hours, the mother liquor was removed, and the crj^stals were washed with 
ethanol. 6.3 mg. of needles were obtained. As a final purification step, 
the material was dissolved in water and passed through a small column 
prepared from 1 gm. of IRA-410 acetate. The solid material from the 
column effluent was recrj^stallized from 0.02 ml. of water and 0.25 ml. of 
ethanol. Needles weighing 5.6 mg. were obtained. 

The material was indistinguishable from ergothioneine in crj’stalline 
form and solubility. Like ergothioneine, it decomposed above 250° on the 
micro melting point stage. The color intensity in the diazo test was the 
same as that given bj' ergothioneine. The substance showed the same 
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behavior as crgothioneinc in ascending paper chromatography with 
a-butanol-acetic acid (/?/• 0,23) and ■with ri-bntanol-methanol-benzene 
(1?F 0.45). Tiic ultraviolet absorption spectium in 95 per cent ethanol 
was similar to tiiat described for crgothioncine (2). Infra-red spectra of 
the isolated material and of pure ergothioneine were obtained by incor- 
porating iincly ground 0.5 mg. samples into potassium bromide disks under 
high pressure. The spectra were identical (Fig. 1). 



Fig. 1, Infra-red absorption spectra of KBr blank (bottom curve), ergothioneine 
(top curve), and the ciystalline substance isolated from oats (middle curve). 

DISCUSSION 

The discovery of ergothioneine in a plant material clarifies considerably 
the question of the origin of animal ergothioneine. It makes understand- 
able the occurrence of ergothioneine in herbivorous animals and further 
strengthens our belief that ergothioneine is not synthesized by animals in 
general. These considerations are based on the assumption that oats are 
not unique among edible plants in containing ergothioneine. This latter 
point has not been thoroughly investigated; however, other cereal grains 
have been shown to act as dietary precursors of blood ergothioneine, and 
it seems reasonable to believe that they too contain the compound. In 
this respect, it is of interest that the ability of corn to serve as a precursor 
for blood ergothioneine is also shoAvn bj'- aqueous acetone extracts of 
corn (2). 

The oats used in these studies contained appreciably larger amounts of 
ergothioneine than the corn which was used in our earlier work (2). The 
value of 1-7 mg. per 100 gm. found by chemical analysis of the oats must 
be taken as a minimal figure for the ergothioneine content. Other samples 
of rolled oats of the same brand have given comparable values. It does 
appear, however, from the results of Potter and FrarT^« fR'i that the erco- 
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thioneiiie content of oats ma5' vary from crop to crop. In -vnew of the fact 
that Ave have found that some common microorganisms s3Tithesize ergo- 
thioneine ( 14 ) and that included in this group are fungi which are com- 
monlj’- present in oats, it seems quite likelj' that at least part of the ergo- 
thioneine of this grain is of fungal origin. This might help to e.xplain the 
A'ariations in ergothioneine content of grain from different crops. 

Appreciation is expressed to Dr. Julian R. Rachele for aid in can'3dng 
out the infra-red anal3’-ses. 


STJMXLXRY 

The heretofore une.xplained abilit3'^ of cereal grains to serve as dietar3^ 
sources of blood ergothioneine has been investigated b3’- an examination of 
oats for the presence of the compound. A chemical fractionation proce- 
dure has been defused Avhich resulted in the isolation from oats of a ci^'stal- 
line compound identical in all respects with ergothioneine. This discover3’^ 
of ergothioneine in a plant material makes understandable its wide-spread 
occurrence in animal species. 
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THE RELATIONSHIP BETWT^EN SULFHA'DRYL GROLTS 
AND THE ACTIVATION OF jMYOSIN 
ADENOSINETRIPHOSPHATASE* 

By W. WAYNE KIELLEY and LOUISE B. BRADLEY" 

(From (he Laboratory of Cellular Physiology, Xational Heart Institute, National 
Institutes of Health, Department of Health, Education, and Welfare, 
Bethesda, Maryland) 

(Received for publication, Ylaj' 27, 1955) 

Greenstein and Edsall (1 ) in earh' observations on the quantitative esti- 
mation of Eulfhydrj'l groups in the muscle protein mj'osin classified the SH 
groups of the native protein into “free” and unavailable groups on the basis 
of porphjTindine titration nith nitroprusside as an external indicator. In 
subsequent e.vperiments, Singer and Barron (2) obsen'ed that combination 
of the “free” groups of mj'osin xvith p-chloromercuribenxoate (PCiMB) re- 
sulted in little alteration of the adenosinetriphosphatase (ATPase) actintr- 
of myosin, while addition of PCiMB equal to the total SH led to complete 
inhibition. It has been obsen-ed bj' one of us (3) that low concentrations 
of PCiMB resulted in some increase in ATPase actixnty and this was also 
obsen'ed occasionally b}' Polls and iMe 3 'erhof (4). 

On ree.xamination of the influence of PCMB titration of mj'osin SH, we 
obsen'ed that a marked increase in ATPase acti\'ity occurred when ap- 
proximately one-half the sulfhj'diyl groups had been titrated, when Ca'^ 
was emploj'ed as ATPase activator. On the other hand, onlj* inhibition 
occurred when ethj'lenediaminetetraacetic acid (EDTA) was emploj'ed as 
activator (c/. (5, 6) for EDTA activation). The reaction of mj'Osin with 
jV-eth^'lmaleimide (NEiM) ga^'e similar results. 

After the work presented here was completed, two reports (7, 8) appeared 
on the influence of phenj'lmercuric acetate and dinitrophenol on mj-osin 
ATPase. In these the authors appear to be dealing with similar phenom- 
ena. 


EXPERlMEX'T.AIi 

Materials and Methods 

Myosin — YIj'osin was prepared bj' either of two procedures. One is a 
slight modification of that of Tsao (9), the other a modification of the pro- 
cedure of Weber and Portzehl (lOL The products obtained were indis- 
tinguishable in so far as the work presented here is concerned. 

* A preliminary report of this work was presented at the 127th meeting of the 
.■American Chemical Society, Cincinnati, Ohio, April 2, 1955. 
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The only nuKlificalion in (he i)r{)ce(lure of Tsno wa.s (he inclusion of 0.01 
M I^DJ’A in (he saturated ainnionitun sulfate. No attempt was made to 
ascertain tliat this was essential. However, "Jsao observed that his prepa- 
rations were rather low in ATJ’ase activity', whereas our preparations were 
of consistent I3' hi}!;li activity. In tlie modified Weber and Portzehl pro- 
cedure, the muscle was extracted with 3 volumes of O.o m ICO, 0.1 m 
K2IIPO1 for 20 or 30 minutes, and then treated in the Waring blendor for 
■o minute. The material was tlien centrifuged, and the nyyosins A and B 
were precipita-ted from the supernatant .solution b^’’ dilution with 10 vol- 
umes of water. The redissoh’ed precipitate (0,5 m IvCl) was then adjusted 
to 0.28 M KCl at pH 6.7 to 6.S and the precipitate (m3'osin B) removed. 
The m.yosin A of the supcrjiatani solution was obtained l\y fiu-ther dilution 
to 0.04 M KCl. The latter fraction, after resolution in 0.5 m KCl, was then 
subjected to (NlldsSOj fractionation as in the first procedure.^ This con- 
sisted of addition of a saturated solution of {NH.i)2S04 (adjusted to pH 6.5 
to 7.0 and containing 0.01 m EDTA) to the m3msin solution to 40 per cent 
saturation. The precipitate formed was removed and discarded. The 
supernatant solution was tlien brought to 50 per cent saturation 63'- further 
addition of the (NIi4)oS04 solution. The precipitate was collected 63’" cen- 
trifugation, redissolved in 0.5 m KCl, and dialyzed against 0.5 m KCl over- 
night, Protein was estimated from micro-Kjeldahl nitrogen determina- 
tions with correction for remaining after dial3^sis. 

Adenosine triphosphate was obtained commercially as the ciystalline 
sodium salt. 

Eth3denediaminetetraacetic acid (EDTA) was obtained conimercialB'’ 
and used as the potassium salt (pH 7.0). 

The method of Whitmore and Woodward (11) was used to prepare 
PCMB or to purify the material obtained commercially. 

NEM was obtained commercially and purified 63’- sublimation. 

AT Base Activity — Enzymatic activity was measured in a system con- 
taining 0.001 M ATP, 0.02 M histidine (pH 7.6), either 0.005 M CaCb or 
0.001 M EDTA, and either 0.05 m KCI (when CaCh is present) or 0.4 m KCl 
(when EDTA is present). 

Treatment of Myosin with Sulfhydryl Reagents. PCMB — PCMB was 
added to myosin dissolved in 0.5 m KCl in quantities indicated in Fig. 1 
and Table I. The tubes containing the treated protein were kept chilled 
and assayed immediately by adding aliquots containing 20 to 30 7 of pro- 
tein to the medium given above (final volume 1.0 ml.). 

The spectrophotometric procedure of Boyer (12) was emplo3'-ed to follow 
the reaction of protein SH with PCMB. 

1 Both myosin B and m5’’osin A without the (NHOaSOi fractionation e.xhibit a 
behavior identical to that described here. 


■\V. ■\V. KIELLEV AXD L. B. BBADLEY 


655 


A’/i.l/ — ,Y-Ethylmaleimide in the quantities indicated in Fig. 2 ^vas 
added to myosin dissolved in 0.5 m KCI and adjusted to pH 7.2, 7.G, or S.O 
with 0.02 jr histidine. The tubes containing the treated protein were al- 
lowed to stand at 0° for 2 and 20 houre before a.s.saying aliquots containuig 
20 to 30 7 of protein for ATPase activity in the medium given above with 
volume of 1.0 ml. 
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Fig. 1. Titration of in 3 ’osin with PCMB. Curve A, ATPase actmtj' in the pres- 
ence of EDTA; Curve B, ATPase activitj- in the presence of Ca"*^; and Curve C, 
spectrophotometric titration of mj'osin with PCMB. For other conditions see the 
te.vt. 


Results 

The influence of PCMB on m 3 msin ATPase is presented in Fig. 1. Curve 
C represents the spectrophotometric titration of m 3 msin SH b 3 ' PCiMB. 
The total SH is calculated to be 0.11 pmole of SjH per mg. of protein. 
Curve B presents the behavior of ATPase activit 3 " with Ca++ as activator. 
Titration of about one-half the groups led to about a 4-fold increase in ac- 
tivity in this experiment (between 3- and 4-fold generally) with inhibition 
at higher concentrations of PCMB, complete inhibition corresponding to 
complete titration of the SH. With EDTA as activator (Cun-e A) only 
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inllibition was observed, the process being complete when only about three- 
fourths of the groups v'as titrated and the form of the curve suggests that 
only one-half of the groups was involved in this inactivation, and that 
about one-quarter of the groups is not essential for enzymatic activity. 
I he inhibition 1)3'- PCMB was reversed to some extent b}’- other siilfhydrjd 
compounds, as was indicated )> 3 '^ Singer and Barron (2). 

When assa 3 '’cd in the preseneo of Ca++ it can bo .scon (Table I) that the 
cfTect of an amount of PCAfB (0.04 amolo per mg. of protein) approaching 
one-half the total SIT was readiB’’ reversed by /S-mcrcaptoethanol. How- 
ever, for a liigher concentration of PCh'IB, approaching complete inhibi- 
tion, no reversal was ob.scrved. In contrast, the activit}’ measured in the 


Table I 

Reversal of Effect of PCMB on Myosin ATPasc by fi-Mcrcaptoethanol 


Activator 

1 

1 

pmoles fl-mercapto- 
ctlianof per Mmole 
PCMB 1 

i 

Mmole inorganic phosjAate per 5 min. 

Ko PC.MB 

0.04 Mmole 
PCMB per mg. 
protein 

0.07 Mmole 
PCMB per mg. 

protein 

Ca++ 

0 i 

0.1.3 

0.3S 

0.09 

U 

, 10 1 

0.13 

0.12 

0.06 

u 

100 

0.14 

0.11 

0.06 

« 



1000 

0.13 

0.11 j 

0.09 

EDTA 

0 

0.45 

o.is 

0.01 

U 

10 

0.44 

0.40 

0.15 

it 

100 

0.49 

0.3S 

0.15 

it 

1000 

0-50 j 

0.42 

0.29 


presence of EDTA exhibits some reversal of the eifect of both low and high 
PCMB concentrations by /3-mercaptoethanol. The pattern of these re- 
sults suggests that under the conditions (time, etc.) remo^''al of the mercu- 
rial from the protein by even the large excesses of j8-mercaptoethanol is in- 
complete and that those mercaptide groups reacting most readib'^ with the 
f3-mercaptoethanol may be sulfhydryl groups reacting first with PCMB. 
In the case of Ca"^ activation, these latter SH groups appear to be inhibit- 
ing groups when free. 

The results of incubating myosin udth NEM at pH 7.2 and 8.0 (both at 
0°) are shown in Fig. 2. Tsao and Bailey (13) observed that only about 
50 per cent of the sulfhydryl groups of native m 3 ''osin ivill react with this 
reagent. Comparison of the results for 2 and 20 hour incubations of myo- 
sin with NEM at 0° indicates that the reaction is slow. It is also evident 
from Fig. 2 that the rate and extent of the reaction are influenced by pH. 
Though only a fraction of the SH groups react with NEM, comparison 
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AA-ith PCjMB indicates that a fractional reaction ^^'ith either reagent maj’- 
not involve the same groups and that “availability” of any particular SH 
group depends on the binding agent. Thus for an apparent reaction of 
about one-half the SH with NEM (on the basis of reagent concentration 
no more than one-half could have reacted) the same phenomenon of in- 



Fig. 2. Behavior of myosin ATPase treated with ICEM. O, at 2 hours, pH 7.2 
activity measured with Cv.^; • , at 2 hours, pH 7.2 activity measured with EDTA; 
A, at 20 hours, pH 7.2 activity measured mth Ca'^; A, at 20 hours, pH 7.2 activity 
measured with EDTA; -f, at 2 hours, pH 8.0 acthity measured vith Ca"*^; X, at 2 
hours, pH 8.0 activity measured with EDTA. For other conditions see the text. 

creased enzj'matic activity occurs as with PCIMB in the presence of Ca. 
However, the magnitude of this increase and the influence of reagent con- 
centration on its development are different from that observed with PCMB. 
The difference in behavior relative to the SH reagent is particularly notice- 
able with EDTA as activatorwhen, withlvElM, complete inhibition occurs 
when no more than one-quarter of the SH could have combined with the 
reagent, hi contrast to the reaction of three-quarters of the SH groups with 
PCiMB before complete inhibition occurs in EDTA activation. 
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DISCUSSION 

From results ■with the two sulfhydryl-hindiiig agents it appears possible 
to eonelude that mj'osin possesses more than one siilfhydryl group per ac- 
tive center. It also ajipears likely that not all the SH groups are directlj^ 
coneerned with the enzymatic aetivit.v. Of the SH groups occurring at the 
active center one or more appear to participate in an interaction with some 
unidentified group, and this interaction prevents the enzyme from exhibit- 
ing its potential maximal activit}' in the presence of Ca as activator. 

The behavior of the enz^yme in the presence of EDTA as contrasted to 
tliat, in the presence of Ca suggests that. EDTA maj^ intei’ferc with tliis 
sulfhydiyl interaction which re.sults in suppi'cssion of activity when Ca++ 
or K'*' is present as acti\’ator. The cliaractcristic properties of EDTA fui- 
ther suggest that the unidentified group interacting with the SH groups is 
a metal. In a recent note Friessc/a/. (H) have concluded that^ if a metal 
is involved in the EDTA activation, tliis metal must be veiy firml}'^ bound 
and that it is not removed by treatment with EDTA. Anal 3 \sis of EDTA- 
treated m^msin leads them to suggest that this metal may be Mg. The 
observations presented here further suggest that the groups on the protein 
involved in this binding of metal are, at least in part, sulfhj^dryl groups. 

SUMMARY 

1. The behavior of nijmsin ATPase after treatment with p-chloromercuri- 
benzoate or A^-ethylmaleimide has been studied with either Ca"^ or ethyl- 
enediaminetetraacetic acid as activator. 

2. The ATPase activity of myosin exhibited a marked increase with Ca++ 
as activator w’^hen about one-half the sulfhydrjd groups had been titrated 
with PCMB. Further titrations led to inhibition, the process being com- 
plete when all the SH groups had reacted. 

3. On the other hand, only inhibition was observed with EDTA as ac- 
tivator, the results indicating that removal of only one-half of the SH 
groups is required for complete inactivation when EDTA is used as acti- 
vator. 

4. The results with NEM were qualitative^'’ similar. With EDTA as 
activator, binding of no more than one-quarter of the SH is required for 
complete inactivation. 

5. In attempting to reverse the effects of PCMB with / 3 -mercaptoethano], 
only the activity as measured in the presence of EDTA appeared to follow 
a course which is the reverse of PCMB combination, starting at any degree 
of PCMB combination. 
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Metabolic interconversions of hydrox3"- and ketosteroids have been rec- 
ognized in a varietj- of biological sj’stenrs (1, 2). The enz^-matic mecha- 
nisms of such interconversions have become clarified bj- the isolation of two 
bacterial enzj'mes catalj'zing reversible oxidations of certain 3- and IT-hj'- 
droxj'steroids. These enz Junes have been obtained in a state of sufficient 
purity to characterize their coenzjune requirements, substrate specificitj-, 
and reaction kinetics (3-6). 

Pseudomonas testosleroni is a microorganism capable of utilizing C-19 
steroids as its sole source of organic carbon (3). Growth in a culture me- 
dium containing testosterone or similar steroids causes the induction of two 
soluble DPNLlinked hj'droxj-steroid debj'drogenases. The reactions (I, 


OH 0 



* This investigation was supported bj- grants from the American Cancer Society 
on recommendation of the Committee on Gron-th of the Xational Research Council. 


t Scholar in Cancer Research of the American Cancer Society. 

’ The following abbremations are used; DPX = diphosphopj-ridine nucleotide; 
DPX-*- = o.vidized diphosphopyridine nucleotide; DPXH = reduced diphosphop 3 Ti- 
dine nucleotide; EDTA = disodium ethj-lenediaminetetraacetate (I'ersene). 
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II, and 111) calalyzed l)y llicsc enzymes ma^' he represented by the accom- 
panying partial formulae. 

Reactions of type (I) and (IT) are eatalj'zcd by a .single apoenzyme, 
^-hjfcb'oxuslcroid (Ichijdrodcnasc (designated here as P enzyme), whereas 
those of type (III) are eataij’-zed by another enzyme, a-hydroxy steroid de- 
hydrogenase (designated here as a cnz^une). The A;B ring fusion may be 
either eis or trans in reactions (I), (II), and (III). The present study is 
concerned with the conditions required for the induction of these enz3'^mes 
as well as improved mctliods for their .separation and purification. The 
complete separation of these enz3'-mes is of importance for the enz3'matic 
microa.s.sa3’’ of certain functional groups on steroids (4, 7) and for this reason 
individual protocols for purifications arc given in .some detail. 

Both a and /? cnz3mies apparcntl3'’ require free sulfly^diyl groups for ac- 
tivity and are quite labile, cspeciall3'’ in the presence of heaAy metal ions 
(4, 5). a enzyme is more sensitive in this lespect than the /? en23nne, and 
both enzymes are stabilized 1)3'- their coenzyme (DPN+). The incorpora- 
tion of DPN+ during the purification of a enz3''me (5) was rendered unneces- 
sary when vigorous efforts were made to exclude heavy metal contaminants. 
Application of rapid, direct spectrophotometric methods for the assa3’’ of 
enzyme activities greatl3'’ facilitated the purification procedures. 

EXPERIMENT.^L 

Materials and Methods 

Microorganism — P. tesiostcroni (ATCC 11996), which. is capable of uti- 
lizing testosterone and related steroids as sole source of carbon (cf. (3)), 
was maintained 63'" weekly subculture on 2 per cent agar slants containing 
0.05 per cent testosterone in an otherwise completel3'' inorganic medium. 
This microorganism was isolated by enricl^ment culture from soil obtained 
in Berkeley, California. The characteristics of this microorganism have 
not been previous^’' described.- It is a highb' motile, non -pigmented, 
gram-negative, straight rod with a single polar flagellum and does not form 
spores. It is a strict aerobe, grows on C-19 steroids, acetate, lactate, 3mast 
extract, or casein h3''drolysates. Growth is optimal at about 30°, but is 
very sparse at 37°. 

Growth Medium — Bacterial cells were grown in a liquid medium com- 
posed of 1.0 gm. of (NH4)H2P04, 1.0 gm. of (NH4)2HP04, 2.0 gm. of 
KH2PO4, and 10.0 ml. of trace elements® per liter of distilled water. To 

2 We are indebted to Dr. R. S. Benham, Department of Medicine, Universitj’- of 

Chicago, for this identification. _ 

3 The trace element solution had the following composition; 20 gm. of MgbUj- 

1 gm. ofNaCl, 0.5 gm. of FeS04-7H20, 0.5 gm. of ZnS04-7H»0, 0.5 gm. of MnSO^-SfhO, 
0.05 gm. of CuS04-5H20, and 10 ml. of 0.1 n H2SO4 per liter. 
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this mineral base yeast extract (Difco) was added to give a final concentra- 
tiou of usually 10.0 gm. per liter and the medium was autoclaved. The 
steroid was dispersed .separately in a small A-olume of water by treatment 
in a 9 kc. 50 watt Raytheon sonic oscillator for 30 minutes. This treat- 
ment produced a sterile, fine .su-spension which was added to the remainder 
of the autoclaved medium just prior to inoculation. 

Reagents — ^Analytical reagent grade ammonium sulfate was recrystal- 
lized at least twice from EDTA (2.0 gm. per liter) made alkaline to pH 8.0 
with XHiOH (S). Commercial protamine sulfate (Eli Lilh' and Company) 
was purified b}- dissolving in EDTA (2 gm. per liter) and reprecipitating 
ufith ethanol. This procedure was carried out tuice and the resultant 
viscous mass was washed uith ethanol and dried in vacuo. DPN"^ of 85 
per cent purity on a weight basis was obtained from the Pabst Laboratories, 
Alilwaukee, Wisconsin. All steroids were carefully purified by crystalliza- 
tion and sublimation until melting point and specific rotation agi'eed with 
figures given in the literature. 

Determinations — ^The enz 3 ’me assa 3 's were carried out spectrophotomet- 
ricall 3 ' uith testosterone as substrate for /3 enz 3 Tne and androsterone for a. 
enz 3 'me. The reaction S 3 ’stem contained 100 /imoles of sodium p 3 Tophos- 
phate buffer (1.0 ml. of 0.1 .m, pH 8.9), 0.5 gmole of DPX"*", 15 y of steroid, 
and 0.02 to 0.1 ml. of enz 3 'raein a total volume of 3.0 ml. and had a final 
pH of 9.1. The reactions were carried out in 10 mm. fight path cuvettes 
in a Beckman model DU spectrophotometer equipped -uith thermospacers 
for temperature regulation to 25.0° ± 0.1°. The reactions were initiated 
b 3 ’’ the addition of enz 3 Tne, and optical densit 3 ' measurements were taken 
at 340 m;i agauist a control cell containing all components e.xcept steroid. 
Readings were taken 30 seconds after enz 3 'me addition and usuall 3 ' every 
15 seconds thereafter for 2 to 3 minutes. Velocities were calculated from 
the slopes, utilizing the zero order portion of optical densit 3 ' versus time 
graphs. 1 unit of either a or /3 enz 3 'me was defined as causing an optical 
densit 3 " change of logio lo/I = 0.001 per minute under the above conditions. 

Protein concentrations were determined during the initial stages (Steps 
1 to 3) b 3 " a turbidimetric method (9) and later b 3 ' measurement of fight 
absorptions at 280 and 260 m^ (10). Agreement between these methods 
was satisfactor 3 ". 


Enzyme Induction and Extraction 

Inducing Substrates — E.xtracts prepared from cells groum on a medium 
containing 3 'east e.xtract but no added steroidal substrates had specific ac- 
tivities for either a or /3 enz 3 'me vaning between 10 and 40 units per mg. 
of protein. Addition of certain steroids to the gro-wth medium enhanced 
the specific activities 20 to 100 times. The structural specificity and e£B- 



STKJtorn nKffVDIJOOH.VASKS 


r){)-i 


cicncy of (iie indue! ors iiiivc no! been invest ign led in detail. Steroids 
whieli inaj’’ serve as earhon sources for the inieroorganisin (3) such as testos- 
terone (d-androsten-l 7/3-ol-3-one), deliydroepiandroslcrono (5-androsten- 
3/3'ol-17-one), and ‘l-androstene-3, 17-dionc all cau.sed induction of both a 
and IS enzymes (Tal)ie I). 'J'iie relative rates of o.xidation of 1 7^-hyclroxyl 
and Sd'hydroxyl grouixs \v(>re constant in all extracts examined and re- 
mained so throughout the purification procedure. The rate of oxidation 
of Sa-hydroxyl groups varied independent 1}'. For these reasons, as well as 
for others (G), it was concluded that 3y3- and 17/!?-hydro.xyl oxidations were 
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Aclivilies of a and /3 Emi/ini's in ICxh'nctu of lincteria Grown on Various Steroids 


Steroid in frrow'tli medium 

Specific activity* of 

a enzyme 

(? enzyme 

None 

40 

20 


17 

25 

Testosterone 

1230 

667 


1650 

560t 


1785 

09St 


2220 

9S4t 

Dehj'droepiandrosterone 

3400 

880 

4-Androstenc-3, 17-dione 

2100 

720 


* Expressed as units per mg. of protein of e.vtraets prepared by sonic disintegration 
or bj’’ alumina grinding of Pseudomonas cells grown in liquid culture on a medium 
containing 5 gm. per liter of 3 "east extract and 250 mg. per liter of steroid. Incu- 
bated 16 hours at 30°. 

f In these experiments, 10 gm. of j'east extract per liter and 500 mg. of steroid 
per liter wevQ used. The steroid was added after preliminary growth for 16 hours 
at 30°, and the incubation was continued for 24 hours longer. 

associated with the same enzymatic protein, whereas 3a;-h3''drox3d oxida- 
tion was catal 3 ’'zed by a separate enz 3 mie. 

Release of Enzyme by Sonic Disintegration — a and /3 enz 3 ones remain 
intracellular and are not released into the culture medium. Grinding of 
the harvested cell paste with alumina according to the method of Mcllwain 
(11) provided an adequate method of obtaining active enz 3 nne extracts. 
Cell disintegration in a water-cooled Ea 3 '-theon sonic oscillator led to more 
reproducible results and higher 3 delds of enz 3 TOes. The Pseudomonas cells 
were readib'" fragmented b 3 '' sonic oscillations and 15 minutes treatment 
resulted in maximal release of enzymes, whereas longer treatment dissoh^ed 
other cellular fractions, causing the specific activities of the enzymes in the 
supernatant solution to decline. The enz 3 mres appear to be stable to some 
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treatment in crude extracts for 30 to 40 minutes or possibl}- even longer, 
when the temperature of the solution was maintained at 10° or below. 

Effect of Steroid Concentration on Enzyme Formation — ^The influence of 
the initial steroid concentration on adaptive enzj’me formation was studied 
in a medium containing 5 mg. of yeast extract per ml. and 500, 50, or 5 y of 
testosterone per ml. The cultures were incubated for IG hours at 30° in a 
platform shaker; the cells were harvested In" centrifugation, washed t^vice 
nith 0.03 m phosphate buffer, pH 7.2, and disintegrated for 15 minutes in 
the sonic oscillator. After centrifugation for 15 minutes at 10,000 X g, 
the clear supernatant liquids were assaj-ed for a and /8 enz^-me activities 
and protein content. The specific activities of the.«e e.xtracts are recorded 

T.\bi.e II 


Effect of Concentration of Inducing Steroid on Specific Activities of a and /3 Enzymes 


Testosterone concentration, 7 per ml- 

' Specific activitv, units per wg. protein 

1 

or enzime 

p enzjine 

0 

10 

17 

0 

5S 

90 

50 

168 

236 

500 

370 

565 


Four cultures were set up, each containing 5 mg. of yeast e.xtract per ml. and 
varying concentrations of testosterone. Incubated 16 hours at 30°. Cultures were 
filtered, harvested b}' centrifugation, washed twice with 0.03 si phosphate buffer, 
pH 7.2. Disintegrated by sonic treatment for 15 minutes and centrifuged for 15 
minutes at 10,000 X g. Specific activities determined on supernatant solutions. 

in Table II. It vill be noted that the ratio of the specific activities of a 
enz 3 'me to /3 enzj"me in these preparations was less than 1 , whereas in most 
extracts the a activity was considerabty higher than the activity. 

Age of Cxdture — Samples were removed from a culture growing on 0.5 
mg. of testosterone per ml. and 5.0 mg. of j'east extract per ml. during vari- 
ous stages of growth. The cells were haiwested and washed bj' centrifuga- 
tion, and extracts were prepared bj" sonic disintegration. The specific 
activities of a and enzj"mes were determined in these extracts. At suc- 
cessive time inten-als, the culture derrsity and dissolved testosterone con- 
centration were measured. The latter was determined enz 3 "maticallj^ (4) 
on the filtered culture medium after removal of cells b 3 " centrifugation (Fig. 
1). Maximal enzyme 3 ield was reached after the culture density curr-e 
indicated the cessation of a logarithmic t 3 "pe growth phase and the onset of 
the stationar 3 ' phase. 

Initialty, the dissolved steroid concentration in the culture medium was 
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about 25 7 per ml. JiclwcaMi 12 and IS liour.s of (lie growth period the 
amount of tc.stosterono in .solution inereased to about dO 7 per nih, indi- 
cating the po.s.siblc production ])y the growing cells of a compound which 
rai.scs steroid solubility. In a comi)arativcly .short time after this, the con- 
centration of testosterone fell to zero, and the specific cnzj’me activities 



s^AGE OF CULTURE, HOURS 

Fig. 1. Relation between specific activities of |3 (•) and a (A) enzymes and age of 
culture. Also shown are the culture densit 3 ’- (O) and the dissolved testosterone con- 
centration (★) in the culture medium. Culture grown on 0.5 per cent yeast extract 
and 0.05 per cent testosterone at 30°. Samples removed at varying times and filtered 
(to remove undissolved testosterone); cells harvested and washed b3" centrifugation. 
15 minute sonic disintegration, followed b 3 ' centrifuging for 15 minutes at 20,000 X 0- 
Bnz 3 'me activities measured on supernatant fluids. 


began to decline beyond this point. Maximal specific activities were 
reached at about 20 hours, but, since slight grmvth was still occurring at 
this point, maximal enzyme production was not achieved. It was foim 
that adaptive enzyme formation was always delayed 0 to 8 }ionr.s 
addition of the steroid, even wlien an adapted inoculum was used, ims 
Droved true, whether tlie steroid was added initially or at any time wit hm 
£ hours of ioocuktiou. In order to maximise the yield of the dehydro- 
genases. delayed addition of the steroid rvas adopted, whereby the onlltms 
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were grown on yeast extract only for 16 hours, the steroid was then added, 
and the incubation was prolonged for another 20 to 24 hours. 

Purification of Enzymes 

A separation of a and p enzj’mes resulting in negligible contamination of 
activities and a 50- to 150-fold purification of each enzj-me have been 
achieved bj^ a four-step procedure: Step 1, a first ammonium sulfate frac- 
tionation, which resulted in a preliminar 3 ' separation of a and /3 enzj'mes 
into fractions, each of which was then carried through Steps 2 to 4; Step 2. 
precipitation of nucleic acids as their protamine salts; Step 3, a second am- 
monium sulfate fractionation; Step 4, adsorption of extraneous proteins on 
calcium phosphate gel. 

In separating the enz 3 'mes advantage is taken of the fact that at 0° ^ 
enz 3 ’nre is precipitated b 3 ' 0.30 to 0.40 saturated ammonium sulfate, whereas 
the a enz 3 ’-me precipitates at higher saturations between 0.40 and 0.55. 
The method here described was developed from earlier attempts in which 
large losses of activit 3 ’' were encountered. The success of the procedure 
depends upon the careful elimination of heav 3 ' metals through the use of 
glass-distilled water (prepared b 3 ' distillation through a Vigreux column), 
washing of all glassware ■nith dilute solutions of EDTA (2 gm. per liter), 
the use of carefulb" purified ammonium sulfate and protaniine sulfate, and 
the incorporation of EDTA into solutions at a level of 0.001 M at all stages 
possible. Reproducible and complete separations of the enz 3 ’mes depend 
further upon the slow mechanical addition of ammonium sulfate at a uni- 
form rate, while the enz 3 Tne solution is being stirred magneticall 3 '. The 
ammonium sulfate additions were performed usualh' during 2 to 3 hours 
for a 5 per cent increase in saturation, and precipitates were permitted to 
accumulate for at least 12 and preferabh- 24 hours before being separated 
b 3 ' centrifugation. A simple device for the mechanical addition of am- 
monium sulfate has been described (8). 

Preparation of Extracts — Pseudomonas cells were gromi in low form cul- 
tvive flasks (2500 ml. capacit 3 ’^) with a large ratio of bottom surface to vol- 
ume (Corning Glass Works, No. 4422). Each flask contained 1200 ml. of 
mineral medium and 10 gm. of Difeo 3 'east extract per liter. The flasks 
were well agitated on a horizontal platform shaker and the temperature was 
maintained at 30°. Each liter of the medium was inoculated with 5 ml. of 
an 8 to 10 hour-old starter culture, and the cultures were permitted to grow 
for 15 to 16 hours, at which time a testosterone suspension (prepared as 
described above) was added to make the final concentration of steroid 
500 mg. per liter. Incubation was continued for 24 hours longer. The 
cultures were chilled and then filtered through coarse filter paper on a 
large Buchner funnel with suction, and the cells were haiwested by a 
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.single pa-^f-sage flirougli a Sliarple.s eonlimiou.s .‘^iipoiTcnlrifiige (25,000 
r.p.in.) al a rale of about 300 ml. per minufe. In a tj'pical experiment, 
14.4 liler.s of culture fluid (twelve fla.sks) contained 1.42 mg. diy weight 
of cells per ml. by optical densit}- mea.surcment. The wet weight of 
harvested bacteria was S7 gm. The.se were washed twice by centrifuga- 
tion with 0.03 M phosphate bulTer, pH 7.2, containing 0.001 m EDTA and 
finally suspended in 200 ml. of the same bulTcr at a final concentration of 
82.0 mg. dry weight per ml. Each 40 ml. aliquot of this suspension was 
then treated in the .sonic o.scillator for 15 minutes. All .sulxsequent manip- 
ulations were caridcd out as close to 0° as ])ossiblc. Cellular ddbris and 
large particles were rcmo\’od b)-^ centrifugation for 20 minutes at 20,000 X 
g. The residue was rcc.xtracted with butTer and centrifuged and the clear 
supernatant solutions were combined. Tlie initial cx'tract had a volume 
of 2G0 ml. and specific actiA'itics of 2220 units of a enzjmre per mg. of pro- 
tein (range 1200 to 2220) and 984 units of enzjmie per mg. of protein 
(range 500 to 1000). 

Step 1 — Solid purified ammonium sulfate was added to the extract in 
the manner described. The saturation was raised to 30 per cent and then 
fractions were obtained at 5 per cent increments in concentrations up to 
60 per cent. Each fraction was redissolved in 20 to 50 ml. of 0.03 m 
phosphate, pH 7.2, containing 0.001 m EDTA. The distribution of 
activities of tlie two enzjunes is shovm in Table III. 75 to 85 per cent of 
the total activities of both enzj'-mes were reco\'ered, pro\dded recrystallized 
ammonium sulfate was used; otherwise there was a considerable loss of 
a enzyme- The purification obtained at this stage is of the order of 3- to 
4-fold for both enzymes. The 30 to 40 per cent fractions containing 42.6 
per cent of the j3 activit}'’ and 1 1 per cent of the a activity were combined 
and used for further purification of jS enzj'-me. The 45 to 55 per cent 
fractions containing 48.3 per cent of the a activit}’- and less than 1 per cent 
of jS contamination were combined for further purification of a enzyme. 
The 40 to 45 per cent ammonium sulfate fraction showed least separation 
of the two enzj’-mes and was eliminated. Tliis fraction was usually re- 
fractionated according to Step 1 . 

Step 2 — a and enz 3 ''me'Containing fractions were then each treated 
with protamine by the addition of a solution of protamine sulfate (10.0 
mg. per ml., pH 6,0). The protamine sulfate was added in excess, which 
was achieved at a ratio of about 1 part by weight of protamine sulfate to 
5 parts of protein. The copious precipitate was permitted to accumulate 
overnight and removed by centrifugation. The supernatant solution 
contained all of the /S enzyme activity, but about 65 per cent of the a 
enzyme activity was lost in this step unless purified protamine sulfate was 
employed. This treatment reduced the viscosities of the solutions and 
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raised the ratio of the optical densit 3 ’ at 280 m,u to that at 260 from 
about 0.6 to approximate!}' 1.0. Tables IV and \ give the actinties 
before and after protamine treatment. 


T.\bi.e III 

Distribution of a and /3 Enzyme Activities in Step 1 



Total activity 

Specific acthity, units perm?, protein 

Per cent satur^ition 

a enzyme, 
units X 10* 

^ enzjfne, 
units X 10* 

a enzjTne 

0 eirnTne 






sulfate 







Initial extract 



13.0 

! 5.73 j 

2220 

9S4 


0.71 

' i 

1 1.21 1 

600 

1020 


0.26 

O.&l 

1130 

3720 


1.17 

1.61 

1440 

2720 

40-15 

2.50 

0.53 

4330 

929 

45-50 

3.96 

0.05 

7270 

87 

50-55 

2.33 

0.002 

4890 

5 

55-60 

0.17 

0.0004 

401 

1 


Table IV 


Purification Steps 2 and 3 for 3 Enzyme 


Fraction 

Total acti\ ity 

Specific acthity, unitsj 
per mg. protein I 

I 

Ratio, 

250 

a enzjTne, 
units X 10* 

P enzyme, 
units X 10* 

a enzyme 

j p enzyme 

265 "^ 

30-40% from Table III* 

! 1.45 

2.62 

1474 



Step 2. Supernatant from prota- 
mine precipitation 

Step 3. 

1.49 

2.56 

1940 

3340 

! 

1.09 

0-25 

0.033 

0.31 

298 



25-30 

0.021 

0.49 

287 

6960 


30-35 

0.104 

1.09 

510 

5350 


35-40 

0.175 

0.25 

1730 

2440 


Supernatant 

0.762 

0.021 

7630 

215 



* These figures represent new assays on combined fractions and therefore agree 
with those in Table III only ndthin the experimental error. 


Step 3 — ^The supernatant fluids from the protamine precipitation were 
then subjected to further ammonium sulfate fractionation by the tech- 
nique already described. The precipitates were dissolved in 0.01 ii phos- 
phate, pH 7.2, containing 0.001 m BDTA. The major acthdty and purest 
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IractioiiH oi j3 enzyiiu! wcm’o ])r(u*ipilalc(i bolwcen 2b and 35 per cent satura- 
tion (Table ]V), rvlicrea.s a enzyme was found in the 40 to 50 per cent 
ammonium sulfate fractions (Table V). 4die specific activities of both 
enzymes at this stage ranged between 5000 and 13,000 units per mg. of 
protein in several purification procedures. The contamination of a 
cnz 3 'mc Iw /3 enz.vnic is negligible (Table V), Unlcs.s highly purified 
ammonium sulfate is used at this stage, the major portion of a activity is 
lost. With the highl^v purified ammonium sulfate, contamination of jS 
1)3' a cnz 3 'me at this stage ma 3 ' amount to about 5 to 8 per cent (Table IV). 
Thi.s contamiimtion is reduced bv washing the protein precipitates with 
40 per cent ammonium sulfate .solution. The fractions are stable for at 

Table 


Purification Steps 2 ant! S for a Enzyme 


Fraction 

Tol.il activity 

Specific activity, units per mg. 
protein 

a enzyme, 
units X 

p cnzj-mc, 
units 

a cnzj'mc 

P enzyme 

45-55% from Table IIP 

6.65 


5380 

32 

Step 2. Supernatant from 
protamine precipitation 

Step 3, 

6.15 

1 

27,000 

6720 

1 

32 

0-40 

1.26 

25,200 

4350 


40-45 

2.44 

7,480 

9210 

28 

45-50 

1.83 

2,490 

9330 

13 

50-55 

0.52 

260 

4520 

3 


* These figures represent new assaj^s on combined fractions and therefore agree 
with those in Table III onlj’’ within the experimental error. 


least 1 3 ''ear in the frozen state at this stage and have usuall 3 ^ been taken 
individuall 3 ’- through Step 4. 

Step 4 — The majorit 3 '’ of gel purification procedures involve an initial 
enzyme adsorption and a subsequent elution ; more nearly ideal conditions 
are met in a one-step procedure in which a preferential adsorption of 
substantial amounts of other proteins leaves the major portion of the 
desired enzymes in solution. Such a preferential adsorption with cal- 
cium phosphate gel has been used to secure an additional 5- to 10-fold 
purification of a and enzymes obtained from Step 3. 

Enzyme extracts secured prior to the second (NH 4 ) 2 S 04 fractionation 
have consistentl 3 '- given less satisfactoiy purifications w'ith gel adsorptions 
(2- to 4-fold), whereas enz 3 ’^me extracts treated wath gel prior to removal of 
nucleic acids by protamine sulfate precipitation gave little or no purifica- 
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tioa by this method. Like^\-ise, repeated gel adsorptions resulted in only 
small additional degrees of purification. 

Gel adsorption properties are knomi to depend upon methods of prep- 
aration, conditions of storage, pH, ionic strength, age, and some still 
undetermined factors. Calcium phosphate gel vras prepared bj’’ the 
method of Keilin and Hartree (12). The pH was adjusted with dilute 
acetic acid to 6.5, and, after thorough washing by centrifugation, the gel 
was suspended in double distilled water to give a concentration of approxi- 
mately 15 mg. dry weight of gel per ml. The gel suspensions were stored 
at 2-4° and used within 1 or 2 daj's, or at most 1 week from the time of 
preparation. Gels stored for longer periods of time were found to have 
unpredictable adsorption characteristics. 


Table VI 

Effect of Calcium Phosphate Gel Adsorption on a and Enzyme Purification 


Eii 2 yine 

ilaterial 

1 

1 

Total 

protein 

! 

Total 

activity 

Specific 
activit>-, 
units per 
mg. 
protein 




ur.its 


a 

E.xtract from Step 3 





Supernatant after calcium phosphate gel 
adsorption 

1.0 

mM 

gn 

p 

Extract from Step 3 

36.0 




Supernatant after calcium phosphate gel 
adsorption 

5.0 1 

B| 



Calcium phosphate gel (10 to 20 mg. per ml.) prepared the preAnous daj’- 
is added to the protein solution (2 to 10 mg. per ml.), obtained from Step 
3, in the optimal gel to protein ratio. After a 5 to 10 minute adsorption 
period and 5 minutes of centrifuging at about 2000 X g, the supernatant 
liquid was remoA’ed and assaj’ed for enzjane actiAuty and protein content. 

The critical gel to protein ratio A'aries from about 5 to 20 for a and /3 
enz 5 TOes, when expressed as mg. drj^ weight of gel to mg. of protein. 
Both enzjTues maj' be adsorbed completeh'- on the gel if sufficiently^ large 
quantities of gel are used, and, if insufficient gel is employ'ed, the purifica- 
tions are inadequate. The optimal gel to protein ratio is best determined 
by a small scale pilot experiment. Under appropriate conditions approxi- 
mately' 60 to 90 per cent of the inactiA-e proteins is adsorbed, leaA'ing most 
of the enzyme in solution. Table AH illustrates purifications of a and 0 
enzymies obtained by calcium phosphate gel adsorption and represents the 
enzy'me preparations used in specificity' and kinetic studies (6). Specific 
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activities of 50,000 io 100,000 iinils per mg, of protein for both enzymes 
liavc been obtained routinely. These preparations have been stored at 
—20° for at least 1 j'oar without loss in activity, but slowly inactivate in 
dilute solutions at 0°. 

Pnrihj of Preparniions — >Spociric activities of 50,000 to 100,000 units per 
mg. of protein reprc.sent turnover numbers of 2500 to 5000 per minute at 
25°, assuming a molecular weight of 100,000 for each enzyme. The purifi- 
cations obtained arc of the order of 50- to 150-fold over the adapted ex- 
tracts, but, since the specific activities of these cnz 3 '-mcs arc enhanced 20 
to 100 times b 3 ’’ adaptation to specific substrates, this degree of purification 
is not strictl 3 '^ comparable with non-adaptive enz 3 mics. 





Pig. 2. Sedimentation velocity patterns of a enzyme in 0.1 m NaCl, pH 7.0, ob- 
served in a cell of 12 mm. optical path proceeding to the right at 32 minute inter- 
vals. Rated speed, 59,780 r.p.m.; average rotor temperature, 13.3°. Protein con- 
centration, 5.0 mg. per ml. The enzyme had a specific activitj’’ of 69,800 units per 
mg. of protein. Sjo.w = 3.35 X 10“*’ second. 

No extensive criteria for liomogeneity have so far been obtained. Both 
preparations are free from ethanol dehydrogenase but are contaminated 
by a distinct steroid isomerase (13) which catab’^zes the conversion of 5- 
androstene-3,17-dione to 4-androstene-3,17-dione. a enz 3 ''me prepara- 
tions contain much more of this isomerase than /8 enz 3 '-me preparations. 
An ultracentrifugal sedimentation pattern of an a enz 3 "me preparation 
(Fig. 2) demonstrates a single major peak with small amounts of both a 
slower and a faster moving component. The sedimentation constant for 
the major peak (presumably a enzyme) is S 2 o,w — 3.35 X 10"” second in 
0.1 M NaCl, 0.001 M EDTA, 0.003 m NaHCOs, pH 7.0. 

DISCUSSION 

Small amounts of a and /3 enz 3 ^mes (of the order of 1 to 5 per cent of the 
maximal adapted specific activities) are present in cells grow” 
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extract as carbon source. Since 3'easts are knoAvn to contain sterols such 
as ergosterol, and 3'east extract gives a Liebermann-Burchard reaction, 
the possibilit3’' that such compounds ma3" act as inducing substrates in 
cells grown on 3'east extract cannot be excluded. “^Tien steroids ha^dng 
either ketone or /3-h3’'drox3d groups at positions 3 or 17 are added to the 
grovdh medium, induction of both a and /3 en23TOes occurs, whereas none 
of these compounds is a substrate for the a enz3''me-catal3’^zed reaction. 
3 a- and 3/3-h3"dro.x3’-steroids are geometrical isomers. The induction of an 
enz3"me specific for a certain geometrical configuration b3^ compounds 
having either the requisite or opposite configuration has been reported b3'' 
Monod, Cohen-Bazire, and Cohn ( 14 ), who showed that the formation of 
jS-galactosidase in Escherichia coli was highl3’- specific for inductors with an 
intact galactosidic radical, but that such inductors were not necessaril3’’ 
substrates for the enz3"me. In particular, a-galactosides acted as in- 
ductors, although the3’’ are not h3’^drol3"zed b3’- jS-galactosidase. The 
a- and /3-h3’^dro.X3’’steroid deh3’-drogenase induction is understandable in 
terms of the intracellular formation of a common intermediate which ma3'’ 
act as the inductor. 4 -Androstene- 3 , 17 -dione or androstane- 3 , 17 -dione 
ma3^ possibty be such an intermediate. 

SUMMARY 

Cell-free e.xtracts of a Pseudomonas species contain two adaptive DPN- 
linked steroid deh3"drogenases: a-h3'-drox5"steroid deh3'drogenase which 
catal3^zes the reversible oxidation of 3a-h3’-drox3’-steroids to the corre- 
sponding ketosteroids and /3-h3'^drox3’^steroid deh3fdrogenase which catal3'^zes 
the oxidation of 3 ^ 3 - and 17 ^-h 3 ^drox 3 'steroids to the respective ketosteroids. 
Both enz3’'mes are induced in response to the addition to the growth 
medium of single steroids which need not bear a or jS oriented h3^drox3d 
groups. Separation of the enz3TOes and purification to the e.xtent of 
50 - to 150 -fold over their adapted levels have been achieved b3’- a four-step 
procedure. 

The authors are indebted to S3'ntex, S. A., Mexico, for generous gifts of 
testosterone and other steroids. Thanks are due to hliss V. S. Wang for 
assistance with some experiments and to Dr. Eugene Goldwasser for the 
ultracentrifugal anal3'-sis. 
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SPECIFICITY, KINETICS, AND INHIBITION OF a- AND 
/g-HYDHOXYSTEROID DEHYDROGENASES* 

By PAUL TALALAYf and PHILIP I. MAHCUS 

{From the Ben May Laboratory for Cancer Research, University of Chicago, 

Chicago, Illinois) 

(Received for publication, June 8, 1955) 

Two adaptive bacterial hydroxj'steroid deh 3 'drogenases have been 
separated and obtained as highl 3 ’- purified proteins (1). These enz 3 Tnes 
are (1) a |3-h3’'drox3’’steroid deh 3 ^drogenase (designated here as /5 en 2 ; 3 Tne) 
which catal 3 ’zes the reversible oxidations of 3j8- and 17j8-h3’^drox3’'steroids 
b 3 r DPN+ ^ and (2) a 3a-h3''drox3'-steroid deh 3 'drogenase (designated as a 
enz 3 Tne) which catal 3 'zes reversible DPN+-linked oxidations of 3a-hydroxy- 
steroids. These enz 3 TOes are characterized by remarkably high affinit 3 ’- 
and structural specificit 3 '- for their substrates. A detailed stud 5 ^ of the 
reaction kinetics of /5 enz 3 Tne with a variet 3 ’- of related steroids has given 
information on the structural factors involved in binding of steroids to 
this enz 3 mie surface and has led to speculation on the possible influence of 
such factors on the ph 3 ’-siological activities of steroids (2). 

The present experiments, carried out with highl 3 ’- purified preparations 
of a and /5 enz 3 Tnes, deal with certain aspects of their substrate and co- 
enzyme specificit 3 ^ The velocities and equilibria of reactions catalyzed 
by these enz 3 mes will be considered. The freel 3 ’’ reversible nature of the 
reactions studied and the simple manner b 3 ’' which the 3 '' ma 3 ' be made 
complete in either direction have made these enzymes useful as preparative 
and analytical tools. Initial demonstrations of the enzymatic microassay 
and identification of steroids (3, 4) have now been extended. The stereo- 
specific nature of the reactions catalyzed by these enzymes may be used 
to advantage in the selective reduction of 3-ketosteroids to yield either 
3 q:- or 3;3-hy^droxysteroids by the use of or or /3 enzymes, respectively. 
Moreover, reduction of a 17-ketosteroid by DPNH with /3 enzyme ydelds 
the 17/3-hy'droxy isomer only^ 

By virtue of their high substrate affinity and specificity^ the hy’^droxy- 
steroid dehydrogenases represent ideal models for the study^ of the inter- 
action of steroids with protein surfaces and the influence of structurally 
related inhibitors on this process. It will be shown that 1,3,5-estratrien- 

* This investigation was supported by grants from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 

t Scholar in Cancer Research of the American Cancer Society. 

^The following abbreviations are used: DPN+ = o.vidized diphosphopyridine 
nucleotide; DPNH = reduced diphosphopjtidine nucleotide. 
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3-ol and derivatives, as well as the s^'nlhclic estrogens diethj^lstilbestrol 
and dicthylhexcstrol, are powerful inhibitors of /S enzyme. 

KXPEniMEiVTAL 

Sx(bs(ra(c Specificity of a and /? Enzymes — The substrate specificities of 
these enz3'-mcs have been partiall}^ anal^^zed (2-4). /3 enzj'me has been 
found to o.xidize 3/?- and IT/J-hj'droxysteroids, as well as IG/J-hydroxy- 
steroids although at a slower rate. The product in each case is the corre- 
sponding ketone. O.xidation of secondaiy 1 TjS-ly'droxyl groups occurs in 
compounds witli or without an oxygenated function at position 3. The 
presence of additional oxygenated substituents at other points on the 
steroid skeleton such as in 4-androstene-l]a,]7j8-diol-3-one, 4-androstene- 
11/5, 17^-diol-3-one, or 4-androstcne-6/5,17/5-diol-3-one does not prevent 
the ox’idation of the 17/3-h3’'droxyl group. HoweAmr, in order for 17/5-OH 
or 16/3-OH oxidation to occur, the adjacent position {i.e. 16 or 17) must be 
devoid of an 0X3’’genated function. The configuration of the A;B ring 
fusion is not material to the specificit3’’, since either androstane or etio- 
cholane derivatives participate in the reaction, hloreover, compounds 
with aromatic A rings such as estradiol-3,17/5, estradiol-3, 16j3, or 1,3,5- 
estratrien-17/S-ol are also substrates for /5 enz3mie. 

Oxidation at position 3 of the steroid Jiucleus b3’’ /5 enz3’’me occurs onlj'’ 
if the secondary alcohol group is /5 oriented. 3/5-H3"drox3’’steroids of the 
androstane, etiocholane, 4-androstene, or 5-androstene series are all 
oxidized. An o.xygenated function at position 17 is not essential for the 
oxidation of the 3/5-h3'’drox3d group. The presence of a short side chain at 
Ci7, as in 17a-meth3d-5-androstene-3i5,17/5-diol and 5-pregnen-3/5-ol-17- 
one, does not prevent the oxidation of the 3/5-h3^droxyl group, but choles- 
terol with its longer side chain is not oxidized. Specific information has 
been obtained that the following hydroxyl groups are not oxidized by ^ 
enzyme: Sa, 6/5, 11a, 11/5, 16a, 17a, 20a, and 21. 

a enz3mie oxidizes onB'- 3a-hydrox3’-steroids with androstane, etiocholane, 
cholane, and pregnane type skeletons; howe^mr, a substituent at Cir is not 
required as androstan-3a-ol is oxidized. No oxidations 63^^ a enz3mie of 
the following h3'’drox3d groups have been noted: 3/5, 6/5, 11a, 11/5, 17a, 1//5, 
16a, 16/5, 20a, or 21. 

Velocities of Oxidations — ^A detailed analysis of the relation between 
oxidation velocit3’- and substrate concentration has been carried out for /5 
enzyme (2). Man5'' of the substrates studied, e.g. testosterone (see Fig. 1), 
exhibit kinetics inconsistent with the simple postulates of h'lichaelis and 
Menten (5), since the velocit3^ of oxidation shows a marked ^tendency to 
decline at high substrate concentrations. In other cases, such as estradiol- 
3,17/5, no inhibition of velocit3’' at high substrate concentrations was 
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observ^ed (Fig. 1). The kinetics of velocitj" inhibition at high substrate 
concentrations are in accordance with the theory' of the formation of an 
inactive bimolecular complex between 2 molecules of substrate and each 
active center on the enzjune (6, 2). Such a theory predicts a bell-shaped 
cun^e when velocity is plotted against logarithm of substrate concentration. 
This curA'e is sjunmetrical about the substrate concentration (So) at which 
the ma.ximal obsen^ed velocit 3 ' (To) obtains. So for testosterone at 



Fig, 1. Velocity of o-ridation (F) as a function of substrate concentration (Si- 
Measurements for testosterone and estradiol-3,17/5 were obtained with p enzyme and 
velocities were e.^pressed relative to the maximal velocity of o.xidation of testosterone 
(100) at S = 6.0 X 10~' SI. The velocities for androsterone are calculated relative to 
the maximum (100) obtained from a Lineweaver-Burk plot. Velocities were meas- 
ured at pH 9.1 in 0.03 ii pjTophosphate buffer at 25° with an initial DPN+ concentra- 
tion of 1.7 X 10~< M. Initial rates of reaction were obtained from measurements of 
optical density (340 mfi) against time. For low substrate concentrations reactions 
were carried out in 10.0 cm. light path cells. 

25° and pH 9.1 is 6.0 X lO"® m in pyYophosphate buffer. Fo for testos- 
terone is arbitrarilj’- set at 100 and all velocities in Table I are expressed 
relative to these conditions. In those cases in which no significant inhi- 
bition at high substrate concentrations was obsen-ed, the kinetics have 
been anal 3 'zed on the basis of the hlichaelis and hlenten theor 3 ' (5) and 
the maximal oxidation velocity (Fm) was obtained according to the 
graphical solution of Lineweaver and Burk (7). 

The velocit 3 '' of oxidation of androsterone by’ a enzynne as a function of 
substrate concentration is also shown in Fig. 1. The hlichaeUs constant 
is 1.6 X 10~® jr at pH 9.1 and 25°, and over a vide range of androsterone 
concentrations there is no inhibition by excess substrate. Table II gives 
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Ihc relative rate.s of oxidation of various C'-H), C-21, and C-2-J 3a-hydimy- 
stcroids by a enzyme. 

Inilvcncc of pll on Equilibrium and Vdocilij — The profound effect of 
lydrogen ion concentration on the equilibria of reactions catalyzed by 
enzymes requiring DPN+ has been pointed out for alcohol dehydrogenase 
(8, 0). Since li.ydrogcn ions participate in the reactions, the pH markedly 
affects tlic equilibria. In the ])reseneo of large amounts of enzymes, 
measurements were made at 25° and at different pH in a system of the fol- 


Tahle I 

Maxiimd llclalivc Rales of Enzymalic Oxidation (Fo or T^n) of Sfi- and 17p- 
Ilydroxysleroids by /5 Enzyme at Optimal Sxihstrate Concentrations 


Compountl 

T'« or I'n 

Sc, X 10'' n 

Testosterone 

100 

6.5 

19-Nor testosterone 

SO.O 

6.7 

G;3-Hydro.\y testosterone 

96 

6.0 

lla-Itydro.xj'testosterone 

61. 7 

* 

1 1^-Hydroxy testosterone 

24.4 

* 

Androstan-17/3-ol-3-oue 

90 

3.0 

Androstau-3/3-ol-17-one 

74.6 

4.0 

5-Androsten-3/3-oI-17-one 

17.4 

10.5 

Androstanol-3j3 

44.0 

+ 

Etiocholan-17^-ol-3-one 

84. 7 

35.0 

Etiocholan-3/3-ol-17-one 

Estvn.diol-3,17(? 

74.6 

13.3 

16.0 

* 

1 ,3,5-Estratrien-17/3-ol 

134 

31.0 

Estradiol -3, 16/3t 

2.3 



* Indicates lack of significant velocitj’’ inhibition b}'' e.x’cess substrate and con- 
sequent non-applicability of So term. In these cases Vm n'as obtained from plots 
according to Lineweaver and Burk. 

1 16/3-OH is the only other position found to be oxidized bj’-/3 enzyme. 

lowing composition: 100 pmoles of buffer (either orthophosphate or p3"i’0' 
phosphate), 0.5 pmole of DPN+, and 0,1 pmole of steroid (androsterone 
or testosterone). From the total change in optical density at 340 mp, the 
amount of DPNH formed was calculated (e = 6220). Assuming that for 
each mole of steroid oxidized 1 mole of ]DPN+ was reduced, equilibrium 
constants were calculated according to the following equations (9) : 

(androstane-3 , 1 7 -dione) (DPNH) (H'*') 

(t) (androsterone) (DPN+) 

(4-androstene-3, 1 7-dione) (DPNH) (H+) 

(2) (testosterone) (DPN+) 
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These equilibrium constants are independent of pH, and the mean value 
of Kb for reaction (1) vas found to be 5.8 X 10~® and that for reaction (2) 
2.6 X 10"®. The latter figure is a re^nsion of a preliminarj’’ value of 3.6 X 
10"® (3) vhich was obtained with a much less pure enzyme preparation, 
which is now known to have been contaminated bj" a enzyme. It has been 
pointed out that equilibrium measurements may vary considerabb’’ with 
purity of enzjmie (9). If the equilibrium constants are calculated without 
considering the h}’drogen ion concentration, one ma}" derive apparent 
equifibrium constants which are pH-dependent and which 3aeld a linear 


Table II 

Eelaiive Rates of Enzymatic Oxidation of 3a-Hydroxy steroids at Concentrations 

of about 2 X 


Steroid 

Rate of oxidation* 


' 100 


100 


100 


10 

Pregnane-3a,17a-diol-ll,20'dione-21-acetate (tetrahydro : 
Compound E acetate) 

10 

Deox3’cliolic acid 

10 

Androstan-Sa-ol 

2 




3.0 ml. system containing 100 /jmoles of pjTophosphate buffer, pH 9.1, 0.6 /imole 
of DPN'*', 0.06 pmole of steroid in 0.1 ml. of CHjOH, and 1 to 5 7 of enzjTne protein. 
The measurements were made at 25° and at 340 m/i in 1 cm. light path cells against 
control cells containing all components except steroid. The velocities were calcu- 
lated from zero order curves. 

* Relative to Fo for androsterone arbitrarily set at 100. 

plot of unit slope when plotted logarithmicallj'- against pH (Fig. 2). This 
indicates that the position of the equilibrium of both reactions is direetty 
proportional to the H+ concentration, and therefore shifted bj’- a factor of 
10 for each tmit change in pH. The standard free energy changes calcu- 
lated from the equilibrium constants are —427 kilocalories per mole for the 
conversion of testosterone to 4-androstene-3 , 17-dione and —465 kilo- 
calories per mole for the oxidation of androsterone to androstane-3 , 17- 
dione. 

The initial velocities of the forward and backward reactions are de- 
pendent upon the pH of the medium. The steroid is most rapidlj- oxidized 
at high pH and most rapidlj^ reduced at low pH values. The initial 
forward and backward velocities for the interconversion of androsterone 
and androstane-3, 17-dione are shown in Fig. 3 as a function of pH, with- 
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in Iho range of about pTI G lo 10, for wliicli measurements are practicable 
because of enz^’ine and eoenzj’rnc .liabilities. It is of interest that the 
logaritlims of the veiocilics arc linear functions of pH, for both fom’ard 




Fig. 2. Logarithms of equilibrium constants as a function of pH. The equilib- 
rium constants for the conversion of testosterone to 4-androstene-3,17-dione by ^ 
enzyme and androsterone to androstane-3,17-dione by a enzjTne vere calculated 
without consideration of the hydrogen ion concentration (see the text) . The reac- 
tion systems contained, in a 3.0 ml. volume, 100/imoles of orthophosphate or pyro- 
phosphate buffer, 0.5 /zmole of DPN'*', 0.1 //mole of testosterone or androsterone in 0.1 
ml. of OH3OH and excess enzyme so that equilibrium was attained in less than 1 
minute. Optical density differences were measured at 340 Wft against control cells 
containing all components except steroid. Temperature 25°. 

Fig. 3. Effect of pH on the velocity of interconversion of androsterone and an- 
drostane-3,17-dione by a enzyme at 25°. Reaction I was run in a system of 3.0 ml. 
volume containing 100/umoles of buffer (orthophosphate or pyrophosphate), O.S/^mole 
of DPN"*", 20 T of androsterone in 0.1 ml. of CH3OH and 0.02 ml. of a enzyme (1400 
units per ml.; 5400 units per mg. of protein) which was used to initiate the reaction. 
Reaction II was run in a system of 3.0 ml. volume containing 100 /imoles of ortho- 
phosphate buffer, 0.25 ^mole of DPNH, 25 y of androstane-3,17-dione in 0.1 ml. of 
CH3OH and 0.02 ml. of a. enzyme which was used to initiate the reaction. 


and backward reactions, and thus obey relationships of log V — 

C where k and C are constants. The forward and backward velocities are 
equal at approximately pH 7.0. The value of k for the fonvard reaction 

is +0.70 and for the backward reaction 7c = —1.6. 

Enzymatic Assay and Identification of Steroids—The high degree 0 
stereospecificity exhibited by a and enzymes makes them ideal reagen ■ 
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for the identification of certain steroid groupings. The simple appUca- 
tion of mass action considerations to drive the reaction to completion in 
either direction increases the usefulness of these enzj^mes in the micro- 
assay of steroids. Thus, with the equilibrium constants calculated for the 
)5 enzjTne it may be shown that the oxidation of 0.1 /imole of testosterone 
in a 3.0 ml. system containing 0.5 /imole of DPK'*' at pH 9.0 is 98 per cent 
complete. Conversely, at pH 6.0, the reduction of 0.1 /irnole of 4-andros- 
tene-3 , l7-dione to testosterone in the presence of 0.5 ;umole of DPHH is 
99 per cent complete. The enzjmie reduces only the Cirketone grouping 
and does not affect the a,/3-unsaturated ketone at C3. 

Thus bj’’ using an excess of oxidized or reduced coenzjTue and appropri- 
ate pH the reaction maj'' be made mrtuallj' complete for oxidation or re- 
duction. This forms the quantitative basis for the enz3Tnatic microassay 
of steroids. 

E.xamples of this 13^50 of assa3’’ ndth enz3Tne were given in an earlier 
paper (3) for the detection of 17/3-OH groups or 17 keto groups. The com- 
bined use of a and ^ enz3Tnes makes it possible to identif3^ and selectively 
oxidize or reduce certain other groupings. 

Fig. 4 shows the assa3’- and identification of two isomers, androstane- 
3Q:,17/3-diol and androstane-3/S,17a-diol, b3^ successive treatment with a 
and jS enz3Tnes in the presence of DPN+. The final product in the first 
case was androstane-3,17-dione and in the second instance androstane- 
17a-ol-3-one. Conversel3'', androstane-3 , 17-dione ma3’^ be reduced b3'' 
DPNH to androstane-3j3 , 17/3-diol, androstan-3Q:-ol-17-one, or androstane- 
3a , 17;3-diol by the appropriate use of these enz3Tnes (Fig. 5). The products 
of the reaction have been inferred b3^ the stoichiometr3’- of reduction of 
DPN+ 

The sensitivity of these assa3'’ methods depends upon the volume and 
light path of the cells and sensitivit3’' of the spectrophotometer. In a S3’'s- 
tem of 0.6 ml. capacit3^ and 1 cm. light path the measurement of 1.0 7 of 
steroid is easil3’’ achieA^ed with a Beckman DU spectrophotometer (Fig. 6). 

Michaelis Constants for DPN'^ — DPN+ is the obligator3’’ h3'drogen ac- 
ceptor for both a and jS enz3Tnes. Triphosphop3Tidine nucleotide is com- 
pletely inactive when tested in the oxidation of testosterone and epiandros- 
terone b3'^ P enz3Tne and in the oxidation of androsterone b3' a enz3Tne. 
The aflSnities of a and |3 enz5Tnes for DPiSr+ were measured with several 
substrates. In each case, the steroid concentration was selected such as 
to give maximal velocit3' in the presence of excess coenz3Tne, and the DPN"^ 
concentration was then varied. The relationship between velocit3' and 
DPN-^ concentration was found to accord with IMichaelis-Menten predic- 
tions, and the Michaelis constants were obtained from Lineweaver-Burk 
plots. 

The values for the affinit3^ constants for DPX+ are shown in Table III. 
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The afTmiiic.s for DPN'‘ arc conaidcrahl^' lower than those for the steroids 
(2) but vary grcatl^y willi llie t3'j)o of steroid substrate. From the avail- 
able data it would appear (hat. there is an inverse relationship between the 
affinity for steroid and for Dl’N"'' tinder the eonditions studied. The inter- 
relationship of the l)inding properties of steroid and DPN+ to the enzjTiie 



MINUTES 

Fig. 4. Assay and identification of androstane-3a,17/S-dioI and androstane-3/9,17Q:- 
diol. Optical density measurements at 340 m/t were made with time in 3.0 ml. sys- 
tems containing 100 j^moles of pyrophosphate buffer, pH 9.1, 0.5 ;umole of DPH"*", ap- 
proximately 0.045 /imole of steroid in 0.1 ml. of CH3OH against controls containing all 
ingredients except steroid. At zero time, an excess of a enzyme was added to all 
cuvettes, and, at 10 minutes, an excess of /S enzyme was added to all cuvettes. 

surface may perhaps be related to the fact that these compounds must oc- 
cupy during the enzyme reaction positions adjacent on the enzyme surface 
in order for the direct stereospecific transfer of hydrogen to occur (10). It 
seems reasonable that the residual secondary valence forces on the enzyme 
surface must be satisfied by steroid and DPN+ at the time of binding for 
enzyme action. In those cases in Avhich the steroid is firmly bound, e.g. 
testosterone, the coenzyme exhibits relatively low affinitj'-, whereas for the 
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etiocholane derivatives, v'hicli are relativel3’' poorij’' bound to the enzjTne 
surface (2), the affinities for DPN'^ are verj" much higher. 

Inhibilion of a and 0 Enzijmc Activities bij 1 , 3 , 5 -Estratriene Derivatives — 
Preliminar}' experiments indicated that structurallj'' related compounds 
competed for the enz3-me surface and could inhibit the oxidation of testos- 
terone b3" /9-h3’drox3’steroid deh3'drogenase ( 3 ). The degree of inhibition 
depended upon concentration of both substrate and inhibitor, but the 

. 300 , 1 



Fig. 5. Reduction of jindrostaiie-3,lT-dione by a: End & enzymes. Deerenses in 
optical density were measured at 340 mfi in 3.0 ml, systems containing 100 fonoles of 
orthophosphate buffer, pH 6.0, 0.25 umole otT>TKB, 0.063 fonole of aadrostane-3J7- 
dione in 0.1 ml. of CH3OH. At zero time, a enzjTne or enz 3 Tne was added to differ- 
ent cuvettes and measurements were begun against a blank cell containing all com- 
ponents except steroid. At 20 minutes, g enzjTne was added to the cell containing a 
enzjTne. 

anal3>-sis of the 13^)6 of inhibition was complicated 63’- the fact that testos- 
terone and many other substrates bad kinetics characterized by inhibition 
of velocit3- at high substrate concentration (see above). It was found that 
the o.xidation of testosterone was inhibited by certain 1,3,5-esfrafriene 
derivatives, by dieth3'lstilbestrol and dieths'lhexestrol at low concentra- 
tions comparable to those of the substrate, but not at all by much higher 
concentrations of phenol (Fig. 7 ). Estradiol- 3 , 17 ^, itself a substrate for 
^-hydroxysteroid dehydrogenase, was considerablj' more Srmly bound by 
0 enz3’me than testosterone, as shown b3' e,xperiments with mixtures of 
these two substrates. 




rnoi'iJUTics of 8Ti:Hoin Di'.nvDnooFN'ASEs 


6S'J 

The inliil)ilion of Icslosk'ionc oxiclafion l)y ('.s{radioI-3,]7a was studied 
al a scries of coiiccutration.s of hoili suhslraic and inhibitor. Fig. 8 shows 
flic inhibition obtained at two snb.sf rate concentrations. This and similar 
results were analyzed according to concepts of competitive and non-com- 
jK'titivc substrate-inhibitor int(‘raclion and did not appear to obej’^ either 
pattern, even when the inhibition at high testosterone concentrations was 
taken into account, 'j’he nO })cr cent inhibition ])oint of reaction velocity 
was olxscrved at a sui)st rate-inhibitor ratio of 3.1 for 1,74 X 10~^ m testos- 
terone and 2.G for 3.40 X 10“^ m tc.stosl crone. 



Fig. 6. Microassay of deliydroepiandrosterone by oxidation to 5 -androstene- 
3,17-dione. The system contained, in a total volume of 0.6 ml., 20jumoles of pyro- 
phosphate buffer, 0.1 /^mole of DPN'*', 0.4 to 2.4 7 of dehydroepiandrosterone in 0.02 
ml, of CH3OH and excess p enzyme. Final pH 9.1; temperature 25°. 


Although the precise nature of the inhibition of testosterone oxidation 
by estratrienes was not understood, it became of some interest to analyze 
the structural features required for binding to the enzyme surface. These 
factors have in part been analyzed for /S enzyme elsewhere ( 2 ). The ve- 
locity of oxidation was determined in the absence of inhibitor, and in the 
presence of three inhibitor concentrations, in which the ratio of substrate 
(S) concentration to inhibitor (/) concentration was less than 1, equal to 1, 
and greater than 1 . The degree of inhibition obtained was plotted against 
S/I and the approximate values obtained for 1:1 ratio are given in Table 
IV. Substrate and inhibitor concentrations were checked by enzymatic 
assay whenever possible. 
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It has been showi above that the requirements for an oxidizable sub- 
strate for /3-h3"drox3'steroid deh3'’drogenase are the presence of a /ff oriented 
OH group at position 3, 16, or 17. In as far as ring D is concerned,’ a jS-OH 
group at position 16 or 17 is onl3' o.xidizable pro\'ided the adjacent position 
is unsubstituted 63^ a h3'drox3d or ketone grouping. The estratrienes 
which cannot ser^^e as substrates are nevertheless efficientl3' bound to the 
enz3'me surface and this binding is dependent upon the presence of an in- 
tact phenolic 3-OH group, and to a much lesser extent on other substitu- 
ents in ring D, although phenol itself is not an active inhibitor at much 
higher concentrations. 


Table III 

Michaelis Consianls [K,) for Diphosphopyridine Nvcleotide vnth Sa-, S/S-, and 

IT^-Hydroxysteroids 


Steroids 

Enzyme | 

Position of 
oxidation 

X itr* 
jr 1 

Concentra- 
tion of 
steroid, 

X lO-* ir 

Anf1rns^tAn*J^/>~nl-17-onft 



10.5 

2.3 

l,3,5-Estratrien-17/3-ol 

^ ; 

« 1 

17/S-OH 

(1 

8 

3.1 

Testosterone 

5.5 i 

0.65 

5-Aiidrosten'3;3-ol-17-one 

tt 

3/5-OH 

17^-OH 

3^-OH 

1.1 

1.39 

Etiocholan-17^-ol-3-one 

4t 

0.33 

13.5 

Etiocholaii-3P-ol-17-one 

<t 1 

0.26 

1.6 




3.0 ml. sj'Stem containing 100 /jmoles of sodium p^Tophosphate buffer, pH 9.1, 
varjing concentrations of DPN+, 2.7 7 of ^ enzjone (96,200 units per mg.) or 7.2 7 
of a enzjTne (3750 units per mg.), O.OS ml. of CHjOH, and concentrations of steroid 
as indicated. The reaction was initiated bj’ addition of enzj-me and optical density 
measurements were made in 1 cm. light path cells at 25° and at 340 mp against a blank 
cell containing all ingredients e.xcept steroid. 

As indicated in Table IV, the /3 enz3’me action on both the 3-OH and 
17-OH positions is strongl3' inhibited b3^ most 1 ,3,5-estratrien-3-ol deriva- 
tives. Equimolar concentrations of substrate and inhibitor resulted in 
70 to 90 per cent inhibition of the rate of oxidation of h3'drox3d groups at 
both the 3^ (androstan-3^-ol-17-one) and 17/3 (testosterone) positions. 
Absence of the hydrox3d group at the 17 position (l,3,5-estratrien-3-ol) 
did not quantitativel3" alter the inhibitor3" action of the estratrienes with 
intact phenolic A rings. 

Three of the estratriene derivatives studied also possessed substrate 
properties with ■uidel3' different characteristics. For example, estradiol- 
3,17/5 was o.xidized at a maximal rate of 13.3 relative to testosterone (arbi- 
traril3' set equal to 100 at So = 6.0 X lO"® m). Estradiol-3,16/3 was also 
oxidized 63^ /3 enz3TOe at a rate of 2.3 relative to testosterone. Both the 
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o.sl.ra(liol-3, 17^ and c.sIradiol-S, IG,^ (*N'hi!)ilcd .slrojig aflinit}’’ for the enzyme 
.surface and thus could act. as iu!u‘l»ifor.s of testosterone oxidation. The 
lliird e.stratrienc utilized as a suhstrate, 1 ,.3,r)-csira{ricn-]7/?-ol, was oxi- 
dized at a maximal rate wliich was considerahly greater (T'n = 135) than 
the reference compound. '’J’lius, inhibition coidd not l)c demonstrated 
witli tlii.s com})ound, although ex])erimenls with its cpimer served to eluci- 
date the problem. ] ,3,5-Estralrien-17a-ol was not oxidized by /3 enzyme 



Fig. 7. Inhibition of the enzymatic o.xidation of testosterone. Measurements 
were made of optical density at 340 mp against time in a 3.0 ml. system containing 100 
jumoles of pyrophosphate buffer, pH 9.1, 0.2 ml. of methanol, and O.S^niole of DPN'*'. 
14 units of /3 enzyme were used to initiate the reaction . Concentration of testosterone 
1.16 X 10~® M in each case. 1.8 X 10~* M phenol; 3.1 X 10~® m diethylhe.xestrol or 3.1 X 
10~® M diethylstilbestrol was added as indicated. 

Fig. 8- Inhibitory effect of estradiol -3, 17a on testosterone o.xidation byfi enzyme. 
The S 3 ''stem contained, in 3.0 ml. volume, 100 mmoles of pyrophosphate buffer, pH 
9.1, 0.5 /imole of DPN'*', 0.2 ml. of methanol, testosterone (concentration as indi- 
cated), and varying concentrations of estradiol -3, 17a. Temperature 25°. 

and, in sharp contrast to the phenolic estratrienes, showed only slight in- 
hibitory action (less than 5 per cent). 

It appears that the area on the estratriene nucleus most important for 
binding to jS enzyme consists of the intact phenolic A ring. Kemoval of 
the 3-hydroxyl group results in almost complete loss of inliibitory action on 
both the 3/3- and 17i3-hydroxyl oxidations in the substrate-inhibitor concen- 
tration range studied. The introduction of a 17/S-hydroxyl group into 
1,3,5-estratriene lacking a 3-hydroxyl group results in a compound with 
excellent substrate properties. 

A study of the effect of various substituents on the estratriene nucleus 
revealed the basic requirements for a molecule Avhich either is an inhibitoi 
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or is utilized as a substrate. By proper manipulation of substituents the 
estratriene nucleus can be made into a strong or weak inhibitor, a verA* ac- 
tive or only slightlj' active substrate, or a strong inhibitor with slight sub- 
strate activity. 


Table I\' 

Inhibitory Effect of 1 ,S ,S-Estratricne Derivatives on a and Enzymes 


Compound 

^ Maximal 
vclodtj* 
of oxidation 
by ^ en- 
zyme* 

' Per cent inhibition of 
j oxidation ratef 

^ enzyme 

a 

Testos- 

terone 

Epiand- 

rosterone 

andros- 

terone 

1 , 3 , 5-Estratriene-3, 17a-diol 

0 

70 

70 

15 

l,3,5-Estratriene-3,17/3-diol 1 

13.3 

sot 

70j 

15 

1 , 3 ,5-Estratriene-3 , 16a-diol 

0 

SO 

SO 

15 

l,3,5-Estratriene-3,I6/3-dioI j 

2.3 

m 

sot 

15 

1,3, 5-Estratriene-3, 16a, IT^-trioI 

0 

90 

90 

15 

1,3, 5-Estratriene-3 ,16^,17p-triol | 

0 

SO 



l,3,5-Estratriene-3, 17/3-diol-16-one 

0 

1 75 


! 

l,3,5-Estratrien-3-ol 

0 

85 

SO 

35 

1 ,3 ,5-Estratrien-17a-ol 

0 

0 

0 

5 

1,3, 5-Estratriea-17^'Ol 

135 



20 


* None of these compounds is oxidized by a enziTne. 

t The inhibitions are expressed as (1 — F.-/TO X 100, where T'' and F,- are the veloc- 
ities in the absence and presence of the inhibitor for equal concentrations of substrate 
and inhibitor. The system for measuring velocities contained, in a volume of 3.0 
ml,, 100 /imoles of pyrophosphate buffer, 10 y of testosterone or 15 y of epiandros- 
terone or 20 y of androsterone, and 0 to 40 r of inhibitor, 0.5 /imole of DPK~, 1 to 
07 of enzyme, and 0.1 ml. of methanol. Final pH 9.1; temperature 25°. Aleasure- 
ments were made of optical densit 3 ' at 340 my against control cells containing aU 
components except steroid. Velocities were obtained from the slopes of the zero 
order portions of the velocitj'-time curves. 

f These figures are uncorrected for the oHdation rate of the estratriene derivative. 

Table H' also shows the quantitative differences in the inhibitorj* effect 
of the eight estratrienes tested against a enzyme activity as measured by 
androsterone oxidation. Equimolar concentrations of substrate vith most 
of the inhibitors reduce a enz 3 *me actix'itx'- b 3 ’ onl 3 ' about 15 per cent. 

The absence of a hydrox 3 d group at the 17 position results in more than 
double the amount of inhibition (.35 per cent). When the 3-h3-drox3-l is 
absent, the results depend upon the orientation of the 17 -h 3 'drox 3 'l; with a 
17a orientation there is only 5 per cent uihibition, whereas with 17/3 orien- 
tation the inhibition rises to 20 per cent. 
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Methods and M aterials 

Preparations of a and /3 enzymes of stated specific activities were ob- 
tained by methods described in an accompanying paper (1). DPN+ was 
purchased from the Pabst Lalioratories, Milwaukee, Wisconsin, and was 
of 85 per cent purity on a weight basis, Triphosphopyridine nucleotide 
was obtained from the Sigma Chemical Company, St. Louis, Missouri. 
DPNH was prepared as its tris(h3’^droxymethyl)aminomethane salt accord- 
ing to Loevais, Westheimer, and Vcnnesland (11) and was a gift from Dr, 
Loeuais. Steroids were generousl}’’ donated bj'’ various investigators.^ 
Criteria for identification and purity were established whenever possible 
by melting point, specific rotation, and enzymatic assay. Reaction rates 
were measured as described elsewhere (2), 

DISCUSSION 

Purified a- and /3-h3'-droxysteroid deh^'^drogenases of bacterial origin 
serve as models for the study of the interaction of steroids with enzymati- 
cally active protein surfaces. The affinity of these enzj'mes for their ster- 
oidal substrates is high and relatively specific. 

The physiological functions of these enzj’^mes are not yet understood. 
Steroid dehydrogenases are widely distributed in nature, and, wdien their 
presence has not been directly demonstrated, it may be inferred from the 
types of steroid con^fersions observed. The interconversions of 3- and 
17-ketosteroids and their respective /J-hydroxj’-steroids have been demon- 
strated in vivo, in organ slices, and in homogenates (12) of various mam- 
malian species. These interconversions are also carried out by such 

“ We are indebted to Dr. E. A. Doisy, St. Louis University, for estriol; to Dr. T. F. 
Gallagher, Sloan-Kettering Institute for Cancer Research, New York, for andros- 
terone, etiochoIan-3a-ol-17'one, and etiocholan-3j3-ol-17-one; to Dr. Edward Hender- 
son, Schering Corporation, Bloomfield, for estradiol-3, 17/J, dehi'^droepiandrosterone, 
and 4-androstene-3,17-dione; to Dr. Ma.x N. Huffman for estradiol-3, ICa, estradiol- 
3,16/3, and epiestriol; to Dr. E. Loezinski, Charles Frosst and Compani^ Montreal, 
for estradiol-3, 17or; to the Wm. S. Merrell Company, Cincinnati, for androstane-3,17- 
dione, diethylstilbestrol, and diethylhexestrol ; to Dr. Edwin W. Meyer, The Glidden 
Compaiw, Chicago, for pregnane-3a,17a-diol-ll,20-dione-21 -acetate and deoxycholic 
acid; to Dr, D. H. Peterson, The Upjohn Company, Kalamazoo, Michigan, for 4-an- 
drostene-llQ;,17/5-diol-3-one, 4-androstene-ll^,17/8-diol-3-one, and 4-androstene-6fi,- 
17^-diol-3-one; to Dr. Frank A. Travers, Ciba Pharmaceutical Products, Inc., Sum- 
mit, New Jersey, for androstan-3/3-oI, androstane-3/S,17Qr-diol, androstane-3or,17^- 
diol, and androstane-3/3, 17/9-diol; to Dr. E. H. Venning, McGill University, Montreal, 
for pregnane-3o:,20a-diol; and to Dr. A. White of Syntex, S. A., Me.xico, for testos- 
terone, dehydroepiandrosterone, 4-androstene-3,17-dione, etiocholan-17^-oI-3-one 
acetate, 19-nortestosterone, and androstan-3/3-ol-17-one. l,3,5-Estratrien-3-o , 
l,3,5-estratrien-17^-ol, l,3,5-estratrien-17a-oI, and androstan-Sa-ol were prepared 
by Dr. R. J. Pratt and Dr. E. V. Jensen of this laboratory. 
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diveiYe sj'stems as yeasts (13), streptomyces (14), and by the adaptive 
enzymes of Pseudomonas icstostcroni. An enzyme converting testosterone 
to 4-androstene-3 , 17-dione was demonstrated and partially fractionated 
from steer liver bj' Sweat c( al. (15). 

The direct application of spectrophotometric methods in the stud\' of 
steroid deh^’drogenases (2, 3) clearly demonstrated the direct participation 
of DPN+, the readily re^■ersible nature of these reactions, and the condi- 
tions required for quantitative conversions. The properties of the bac- 
terial ^ enzyme suggest that a single enzyme is concerned in the oxidation- 
reductions at Cs, CiT, and of the steroid nucleus. Evidence faA’oring 
the unitar}" nature of this euzjTne has been discussed elsewhere (2). hlore- 
over, this enzyme is not only concerned in the oxidation of C-19 compounds, 
but also catalyzes the interconversion of estradiol-3 , 17/3 and estrone. The 
latter reaction has been reported in vivo and in various tissues (12). There 
is at present no contrarj" e\'idence that a single enzjune is responsible in 
mammalian tissues for aU these conversions. 

Emdence from metabolic studies has pointed to the existence of a 3a- 
h 3 "droxysteroid deh 3 "drogenase. Dmect emdence for such an enz 3 'me was 
first obtained in microorganism P. ksiosieroni (4). Halperin, Quastel, and 
Scholefield (16) demonstrated cholic acid breakdown b}' a soil Nocardia 
species and found that cell-free extracts of this microorganism catah'zed 
the DPls+-linked oxidation of the 3a-h3'drox3d group. Tomkins and Issel- 
bacher (17) obtained a fraction from rat liver which interconverts dih 3 ’dro- 
cortisone and tetrah3"drocortisone b}" either oxidized triphosphop3'Tidine 
nucleotide or DPN+ and demonstrated this reaction b}' direct spectro- 
photometr}". Unpublished e.xperiments by Mr. E. U. Thiessen in oui* 
laborator}" have demonstrated that a DPK'^-linked 3a-h3’drox3'steroid de- 
hydrogenase interconverting androsterone and androstane-3, 17-dione is 
present in rat uteros and vagina as well as in liver. The euz 3 Tne is in part 
soluble and in part associated with the microsomal fraction. Somewhat 
purified preparations of rat liver 3a-h3"drox3"steroid deh 3 "drogenase cata- 
l 3 "ze the oxidation of pregnane-3a,17a,21-triol-ll,20-dione as well as 
that of androsterone. It seems reasonable to assume that similar DPN+- 
requiring enz 3 'mes are involved in the reversible oxidations of all these 
3a-h5'drox3'steroids . 

Detailed consideration (2) of the binding of various related steroids to /3 
enz 3 '-me has led to the conclusion that two reactive sites, which are con- 
cerned, respective!}", with deh 3 'drogenation reactions at positions 3 and 17, 
are present on the cnz 3 "me surface. The high degree of affinit}', and the 
fact that minor structural modifications at some distance from the reactive 
sites (positions 3 and 17) profound!}- influenced substrate binding, sug- 
gested a rather specific interaction between the enz}Tne and the substrate 
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extending over ninlliple points of ailacliment. Evidence was presented 
(2) tliat the rear surface of tlie steroid nucleus was concerned in this binding 
process, especiall}’’ as it lias been shown that in the dehydrogenations cata- 
l 3 ’’zed bj”^ (S enz^une at position 17 the ]7ci;-h3'^drogen is directl 3 '’ transferred 
to and from the coenz 3 nne (10). 


SUMMARY 

1. /3-Hydrox3'-stcroid dehydrogenase catalyzes the reversible DPN+- 
linked oxidation of 3/3-, 16j3-, and 17/8-h3'^droxysleroids. 

2. a-Hydrox 3 '’steroid dehydrogenase catalyzes the reversible DPN+- 
linked oxidation of Sa-hydroxy steroids of C-19, C-21, and C-24 series. 

3. The rates of oxidation of various steroids b 3 ’' these enz 3 '^mes have been 
measured. 

4. The pH of the medium atfccts the equilibrium point and initial ve- 
locities of the reactions catalyzed b 3 ’- a and jS enzymes. The equilibrium 
constant for the conversion of testosterone to 4-androstene-3 , 17-dione is 
2.6 X 10“® and that for the conversion of androsterone to androstane-3, 17- 
dione is 5.8 X 10~®. 

5. The enzymes may be used for the specific enz 3 m-iatic microassay of 
selected groupings on the steroid nucleus either singly or in combination. 
Examples of the measurement of 3a-hydroxyl groups and 3/3- and 17/3- 
hydroxyl groups are given and the use of these enz 3 ’-mes for enzymatic 
identifications is illustrated. 

6. Michaelis constants of a and /3 enzymes for DPN+ with various sub- 
strates have been determined. 

7. /3 enz 3 '-me is strongly inhibited b 3 '’ estradiol-3,17/3 and certain related 
1 ,3,5-estratrienes, as well as by diethylstilbestrol and diethylhexestrol. 
The structural requirements for (3 enzyme inhibitions are presented. 
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THE EFFECT OF DIFFERENT DIETARY FATS ON LD^ER 
FAT DEPOSITION=^ 

By D. a. BENTON, A. E. HARPER, axd C. A. EL\rEHJEjM 

{From the Department of Biochemistry, College of Agriculture, Unirersity 
of TJ'jsconsin, Madison, Wisconsin) 

(Received for publication, July 5, 1955) 

When tveanling rats are fed a ration containing 9 per cent casein 'v\’ith 
sucrose as the carbohj’drate and with an adequate suppi}’’ of the known 
lipotropic factors, fatty infiltration of the liver occurs (1, 2). The addi- 
tion of 0.36 per cent of DL-threonine to the diet causes a considerable de- 
crease in liver fat deposition but does not reduce the liver fat content to 
as low* a level as is found in rats fed an 18 per cent casein diet. Glj'cine 
fed at a level of 1.5 per cent of the diet also causes a reduction in the dep- 
osition of liver fat when it is fed either with or without supplemental 
threonine. 

In a study of the effect of increased levels of dietarj^ fat (3) it was found 
that the corn oil nonnallj" used in the diet could be increased from 5 to 20 
per cent without causing any greater accumulation of liver fat. In fact, 
the liver fat content of rats fed the higher level of com oil was slightly 
lower. The liver fat content of rats fed a low protein diet containing 20 
per cent of butter fat was higher than that of rats fed a similar diet con- 
taining 20 per cent of com oil. YTien threonine w'as added to the high 
fat diets, the difference between the levels of liver fat of the com oil group 
and that of the comparable butter fat group was greater although the total 
amount of liver fat was reduced in each case. 

Channon ei al. (4, 5), in 1936, studied the effect of different dietarj' fats 
on liver fat deposition in rats fed low protein diets deficient in choline. 
Adult rats were used in their work and diets containing 5 per cent of casein 
and 40 per cent of fat were fed. They found the highest fiver fat values 
for rats fed butter fat and the lowest for those fed olive oil; the values for 
those fed coconut oil were intermediate. From a comparison of the 
amounts of the different fatty acids in these fats the^^ concluded that the 
increased infiltration of fat was proportional to the percentage of saturated 
Cu to Ci 3 acids in the dietary fat. 

Their work was complicated by both a very low protein intake and a 

* Published vrith the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This work was supported in part bj' grants from the National 
Livestock and Meat Board, Chicago, Illinois, the Gelatin Research Society of Amer- 
ica, Inc., New York, and the Research Committee of the Graduate School from 
funds supplied by the Wisconsin Alumni Research Foundation. 
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choline deficiency. Tlicj' did not delcrminc to ivhat extent the accumu- 
lation of liver fat could he dccrca.scd by .supplementation vith choline or 
additional protein. The fatty acid.s were not fed free of the other com- 
ponents of the fats to implicate them directl}’’ in the increased liver fat 
deposition, 'fhe iircscnt. work was undertaken to clarify these observa- 
tions. 


Methods 


Male weanling rats of the Sprague-Dnwie}" strain weighing 40 to 50 gm. 
were used in all of the experiments. Thc 3 ’’ were divided according to 
weight into similar groups of .six and housed in individual cages with raised 
screen bottoms. The animals were fed ad lihihim and were weighed weekly 
during the 2 week experimental period. 

The composition of the basal diet was as follows: sucrose 66.6, casein 
9.0, DL-methionine 0.3, Salts IV (6) 4, choline chloride 0.15, and the fat 
specified in Table I 20 per cent. Vitamins were included to provide, in 
mg. per 100 gm. of ration, thiamine hjTlrochloride 0.5, nbofla^dn 0.5, 
niacin 1.0, calcium pantothenate 2.0, pyrixodine 0.25, biotin 0.01, folic 
acid 0.02, vitamin B 12 0.02, and inositol 10.0. 2 drops of halibut liver oil 
fortified with ^dtamins E and K (1) were administered orally each week. 
Alterations in the amount of sucrose compensated for the alterations in 
the basal diet. 

At the end of the 2 week experimental period the animals were sacrificed 
for the determination of liver fat. The animals were stunned by a blow 
on the head and decapitated. The livers were removed and stored at 
—4° until the fat determinations could be carried out. Liver fat was de- 


termined by extraction of the dried and ground liver vdth ether (7). 

All of the fats used were commercial products. Both the butter and 
the margarine were melted and the fat layers were decanted and strained 
through cheese-cloth. 

The unsaponifiable fraction of butter was prepared by heating 450 gm. 
of butter vdth 3 liters of 1 n alcoholic potassium hydroxide under reflux 
for 2 hours. An equal volume of water was added and the resulting solu- 
tion was extracted twice vdth diethyl ether. The ether layer was washed 
three times vdth water and heated to drjmess at 80°. The 3 deld was 2.8 
gm. or 0.62 per cent of the butter fat. This was fed as 0.14 per cent of 


the diet. 

The water la3'’er and washings from the previous procedure Avere acidi- 
fied AAuth concentrated h3'-drochloric acid and the fatt3’- acid ]a3^er was 
separated. The Avater and alcohol AA-ere remoA^ed by heating at 80°. The 
fatty acids of corn oil AA-ere prepared by tlie same procedure. 

For the esterification of fatty acids, 180 gm. of the fatty acids Avei-e 
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heated ^s•ith 38 gm. of glj-cerol, and the progress of the reaction was fol- 
lowed by obser\dng the amount of water wliich was distilled. Nitrogen 
gas was bubbled through the mixture during the heating period to prevent 
oxidation. A trace of zinc (8) was added as a catalyst. The product was 
taken up in ether and washed tvice with water. Ether and water were 
removed under a vacuum. The resulting product was fed at a level of 20 
per cent in the diet. 

The hquid and solid fractions of the fatt 3 ’' acids of butter were prepared 
by the lead salt separation as described by Hilditch (9). The fatty acid 
fractions were esterified b 3 ’’ the procedure given abo^'e. 

Results 

The results of each experiment are presented separately in order that 
each group ma 3 ’- be compared with the control in the same experiment. 
Although the liver fat values are usually consistent within experiments, 
considerable variation is encountered among similar groups in different 
experiments. 

In Experiment 1, the liver fat values for the groups fed com oil and 
margarine were considerabl 3 ' lower than those for groups fed butter fat or 
lard. Although threonine reduced the level of liver fat in each case, this 
difference occurred whether threonine was added or not. The liver fat 
value for Group 2 which received corn oil and threonine was higher than 
those of similar groups in the other experiments. The liver fat values for 
the groups that received 10 per cent of com oil and 10 per cent of butter 
fat were intermediate between those for the gi'oups recei^dng com oil and 
the groups recemng butter fat. The levels of hver fat of Groups 11 and 
12 which received the 18 per cent casein diet were veiy low, and there was 
no difference between the liver fat levels of the groups recemng the dif- 
ferent fats. 

A supplement of 1.5 per cent of gl 3 'cine caused a reduction in the level 
of liver fat in the animals that received threonine and in those that did not 
(Experiment 2). However, the difference between the liver fat content 
of those receiraig com oil and those recemng butter fat was reduced onh' 
when both threonine and gl 3 Tine were included in the diet. 

In Experiment 3, when the unsaponifiable fraction of butter was fed 
with corn oil, the level of liver fat was not increased. In an experiment 
not presented in Table I, 75 mg. per cent of cholesterol or 2 per cent of 
sodium but 3 Tate was found to have no effect on hver fat deposition when 
fed with 20 per cent of com oil. Also, the food consumption of the groups 
recehdng com oil and butter fat was found to be identical, although there 
was a significant difference in the level of liver fat. 

The fatt 3 ’- acids of butter and of com oil were esterified with gl 3 merol and 
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fed to rats as 20 per cent of the diet in Experiment 4. The levels of liver 
fat of rats fed these preparations were the same as those of the groups re- 
ceiving the fats from whicli tliey were prepared. 

When the level of casein was decreased (Groups 26 and 27) from 9 to 7 
per cent, the difference between the liver fat content of the groups receiv- 
ing corn oil and of those receiving butter fat was increased. An even 
greater difference was obtained when the lower level of casein was fed and 
choline was omitted from the diets (Groups 28 and 29). There was also a 
marked increase in the level of liver fat in both groups when choline was 
omitted. 

In the remaining exiierimcnts, the 7 per cent casein diet without choline 
was used to insure larger and more consistent differences. The level of 
liver fat of the groups fed the gWcerides of the fatty acids from butter in 
Experiment 5 ivas as high as that of the group which received butter fat. 
The solid or long chain saturated fatty acids of butter, fed as the gb^erides, 
caused a higher level of liver fat than did butter fat. The level of liver 
fat of the rats receiidng the liquid fatt}'’ acid glycerides was below that of 
the group receiving butter fat, but was still above the level of those re- 
ceiving corn oil. 

Stearic acid was chosen as a member of the solid fatty acid group to be 
tested for its effect on liver fat deposition. A mixture of stearic and oleic 
acids (1 : 1) was used to give a product with a lower melting point and this 
ivas compared with the glj^cerides prepared from oleic acid alone. The 
level of liver fat of the group that received stearic acid 'was nearb'- as high 
as that of the group fed butter fat, w^hile the group which received oleic 
acid alone show^ed a level of liver fat below that of the corn oil group. 

DISCUSSION 

Previous wmrk has shown that the level of corn oil fed to rats receiving 
the 9 per cent casein diet containing choline did not affect the severity of 
the fatty infiltration of the liver even Avhen the level ivas varied from none 
to 20 per cent. Butter fat or lard, when fed as 20 per cent of the diet, 
caused a marked increase in the level of liver fat. I^hen a Imv protein 
choline-deficient diet was fed, the difference betiveen the liver fat content 
of the group receiving butter fat and that of the group receiving corn oil 
was greater than that observed Avhen diets containing choline w'ere used. 
Although differences (1, 10) have been observed betAA'een the fatty livers 
which result from a protein deficiency and those caused by a choline de- 
ficiency, in both cases the effect of different dietary fats on the level of liver 

fat is similar. 

Butter fat does not affect the level of liver fat AAhen the diet contains 
adequate levels of protein and choline. When either protein or choline is 
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inadequate, butter fat added to the diet increases the severit}’- of the fatty 
infiltrations of the liver vliich result under these dietary conditions. In 
general, tliis effect of butter fat was more pronounced when the diet was 
made more deficient in lipotropic factors. The choline-deficient diet which 
was used in this work produced the highest level of liver fat. Also, the 
greatest difference between the liver fat content of the group recei\-ing but- 
ter fat and of that receiWng com oil was found in the e.vperiment in which 
this tj’-pe of diet was used. This difference in liver fat content between the 
butter fat and corn oil groups was also increased when the level of protein 
in the diets containing choline was reduced from 9 to 7 per cent. This was 
accompanied b}^ an increase in the level of liver fat in the group fed com 
oil. This generalization did not hold for the groups receh-ing the 9 per 
cent casein sucrose diet containing choline and supplemented with thre- 
onine or gh'cine, for these compounds reduced the level of liver fat but did 
not reduce the difference between the liver fat levels in the groups fed 
butter fat and those fed com oil. 

Isolation and fractionation of the fatty acids of butter b 3 ’’ the lead salt 
procedure clearl}'' demonstrated that the fatty acids and in particular the 
long chain saturated fatty acids of butter cause an increase in liver fat dep- 
osition when fed at rather high levels in diets deficient in protein and 
choline. Corn oil contains a verj’’ small amount (about 13 per cent) of the 
long chain saturated acids and therefore should have httle influence on the 
accumulation of liver fat as was found in this work. These results support 
the suggestion of Channon et al. (5) that the level of Cu to Cis saturated 
fatty acids affects the amount of liver fat which will accumulate. 

Stearic acid was found to be active in increasing liver fat deposition but 
other saturated fatty acids have not been tested. The liquid fatts'" acids 
of butter caused a higher level of liver fat than did com oil. This maj”' be 
explained bj"" the amounts of m 3 Tistic and palmitic acids which remained 
in this fraction or ma 3 ’^ indicate an effect from the shorter chain saturated 
acids. 

The marked increase in liver fat deposition caused b 3 ' the long chain 
saturated fatty acids indicates that these acids are metabolized b 3 ' the 
liver in a manner different from that of the unsatnrated acids which do not 
affect the accumulation of fat in the liver. The present knowledge of the 
causes of fatty mfiltration of the liver is not complete enough to permit 
any conclusion as to what the difference in the metabolism of the two 
groups of fatty acids ma 3 ’- be. 

This effect of fats containing large amounts of long chain saturated fatty 
acids on liver fat deposition would be of importance only when relatively 
large amounts of fat were fed to animals receiring diets deficient in either 
choline or protein. For example, the amount of fat accumulating in the 
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livers of Uvo groups of rats receiving high fat diets containing the same 
suhophmal level of choline would bo distinctl}'’ different if the dietary fats 
for the two groups dilTercd appreciablj’’ in their content of saturated fatty 
acids. On the other hand when an adequate diet is consumed, as is usually 
the case under practical conditions when the intake of animal fats is high, 
the type of fat would be without effect on the deposition of liver fat, 

SUMMARY 

When different fats were fed at a level of 20 per cent in a low protein 
diet (9 per cent casein), the level of liver fat in the rats was high when 
butter or lard was fed and was low when corn oil or mai’ganne was fed. 
This effect was increased when the level of protein in the diet was de- 
creased and when choline was omitted from the diet. 

The fatt}^ acids of butter, which were isolated and fed as glycerides, 
caused liver fat to accumulate to the same extent as did butter fat. The 
solid fatt}'- acid fraction of butter caused a much greater accumulation of 
liver fat than did the liquid fatty acid fraction, and stearic acid caused a 
much greater accumulation of liver fat than did oleic acid. The unsaponi- 
fiable material of butter was without effect. 
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ON THE MECHANISM OF DEHYDROGENATION OF FATTY 
ACYL DERIVATI^T?S OF COENZYFIE A 

I. THE GENERAL FATTY ACYL COENZYjME A DEHYDROGENASE 

Bt F. L. crane,* S. Mil,* JENS G. HAUGB,* D. E. GREEN, 

AND HELMUT BEINERT 

(From the Institute for Enzyme Research, University of Wisconsin, 

Madison, ITTsconstn) 

(Received for publication. May 31, 1955) 

The first step in the degradation of fatty acyl CoA‘ derivatives is a 
dehydrogenation leading to the corresponding a,/?-unsaturated derivatives 
( 1 - 3 ).^ In the early explorator3^ work carried out in this laborator}^, 
Mii and Green ( 4 ) recognized that there were two separate enz3Tnes 
capable of catalj'^zing this deh3’’drogenation. One, characterized a 
green color (G), has ahreadj'^ been described in detail bj' Green et al. ( 2 ). 
This enzjTne is a cuproflavoprotein as shown bj’' Mahler ( 5 ), and its range 
of catalytic activity is limited to fatty ac}’’! CoA derivatives from C4 to 
Cs. The present communication deals with a debj^drogenating enz3Tne 
of broader specificity, a flavoprotein of yellow color (Y), which acts on 
ac3d CoA derivatives from C4 to Cie. An additional 3>-ellow flavoprotein 
(Y') was recently discovered, which is specific for fatty ac3d CoA deriva- 
tives of long carbon chain, but otherwise is similar to Y ( 6 ). This enz3Tne 
will be designated palmityl CoA dehydrogenase’ and will be dealt with in 
a subsequent publication. 

Like other flavoproteins, Y is readil3’- reduced b3' its substrates, but has 
the unique property among flavoproteins of being highl3’' specific for the 
oxidant. Y, when reduced b3’^ substrate to YHs, cannot be reoxidized by 
conventional electron acceptors such as oxygen, ferricyanide, indophenol,’ 
or c3’iochrome c. A variety of quinones will reoxidize YH2 at a relatively 
slow rate, whereas iV'-meth3’-lphenazine does so at a more rapid rate. The 
interaction of YH2 with all these electron acceptors can, however, be 

* Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

* The following abbreviations are used: coenzj-me A, Co.\; reduced CoA, CoASH; 
flavin adenine dinucleotide, F.AD; 2,6-dichlorophenolindophenol, indophenol; tris- 
(hydroxynieth}-l)anunomethane, Tris; diphosphopj-ridine nucleotide, DPN. For G, 
Y, Y', and ETF see the introduction. 

" The possibility that the^jV-unsaturated derivatives are the primarj' products of 
dehydrogenation is not e.vcluded (2), 

’ The name palmityl CoA dehj-drogenase is preferred for purposes of differentia 
tion, although the enzj-me has a somewhat higher affinity for laurjd CoA. 
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catalj^zcd cflicienlly by yet nnotlicr flavoprotein, wliicli we will call the 
elec(.ron4j-ansfciTiiig flavoprotein (ETF) (7). ETF serves as the specific 
oxidizing agenf, for YII;. The reduced form of ETF (ETFIE) is then in 
turn reoxidized l)y the electron accejitors mentioned above. Dehydro- 
genation of the sub.ytrate is the function of Y and interaction with electron 
acceptors is the function of ETFIIs in this two-enzyme system.' 

In the present communication the purification and properties of Y from 
pig liver will be described, while an accompanjdng paper will deal vith the 
purification and properties of ETF (8). 


EXPERIiWENTAL 


Methods 


Substrates — Ac}'! deri\’’atives of Co A were jjrepared enz 3 miatically by 
the use of the appropriate activating enz^nnes (9, 10)® or chemically a 
modification of the anh 3 ’'dride method described for succinyl CoA by 
Simon and Shemin (11).® 

Spectrophotometry — Spectra were taken with a Beckman model DU 
spectrophotometer equipped Avith a micro attachment (12) and a tempera- 
ture-controlled cell compartment rvhich was kept at 30° during rate 
measurements and cooled Avith ice AA'ater Avhen spectra AA'ere taken. 

Protein — Pi-otein aa^s determined b 3 ’' the biuret reactioji (13). When 
Tris buffer was present, the protein AAms first precipitated AAith trichloro- 
acetic acid, centrifuged in a micro centrifuge tube, and redissolved in 
biuret reagent. The biuret Amlues AA’^ere standardized against a determina- 
tion of diy AAmight. 


< Although this type of relationship between flavoproteins has been more thor- 
oughly studied with Y and ETF, a reinvestigation of G showed that ETF is also an 
obligatory electron carrier in the cataytic turnover of G. The same holds true for 
Y', the yellow palmitAd CoA dehj'-drogenase referred to aboA'^e. 

^ We are indebted to Dr. P. G. Stansly for a gift of enzAunatically prepared pal- 
mityl CoA. 

® It should be pointed out here that preparations of CoA derivatives obtained by 
the two methods differ in so far as the}’^ contain impurities of a different nature. 
Most available CoA preparations contain glutathione, which is readib" converted to 
the thioester if one uses the sA'nthetic methods for acyl CoA preparation, whereas the 
activating enzymes are specific for CoA and will not acylate glutathione. In tissues 
there exist thioesterases of varied specificity. Liberation of free sulfhydryl will 
therefore be different with the two tj'pes of CoA derivatives. It Avas found 
work that specific glutathione thioesterases are abundant in liver extracts. Tho3" 
are sufficiently active even in preparations of Y of high purity to make an assaj’ with 
electron acceptors such as d}^es or cytochrome c impossible if the sj'nthetically pie- 
pared CoA derivatives are used. On the other hand, glutathione ihioesteiascs can 
be used to free CoA derivatives from contaminating ac^d derivatives of glutat none. 
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ResuKs 

Assay of Enzyme Aclivity— As pointed out in the introduction, two 
flavoproteins, Y and ETF, are involved in the catal3’-sis of the over-all 
oxidation of ac3'l CoA derii’atii'es In'- electron acceptors. The rate of 
reduction of an acceptor, c.g. indophenol or c3i:ochrome c, will therefore 
onl3" measure the activit3" of the particular enz3'me which is present in 
limiting amounts. Assa3’s with a number of acceptors can be used for the 
determination of Y, provided an excess of ETF is present. Coni'erseh’, 
ETF can be determined in the same S3'stem if an excess of Y is added. 
An additional complication arises from the fact that three primar3' de- 
liA'drogenases Blth overlapping specificit3% G, Y, and Y', ma3^ be present. 
The differentiation between these deh3’-drogenases will be discussed below. 

We have called the aboi-e t3'pe of assa3^ the “catal3i:ic assa3A” In 
appl3dng the “catal3d:ic assa3',” the possibilit3' of non-enz3Tnatic reduction 
of electron acceptors b3^ CoA in its sulfh3’^diyl form has to be ruled out. 
If the fraction to be tested contains enz3'-mes which catal3'ze the deac3'la- 
tion of ac3d CoA derii'atives to CoASH ( 14 ), then the CoASH so generated 
is capable of reacting spontaneousl3^ with certain acceptors like evTo- 
chrome c or indophenol." The s3’-stems used for the “catal3i:ic assa5^” 
have been described previousl3^ ( 2 , 4 ). In the present work the assa3’s 
Buth all acceptors are carried out in 0.02 M phosphate buffer of pH 7 . 0 . 
The reaction is started b3^ adding 0.05 //mole of but3T3d CoA or 0.02 
//mole of octano3'l, laur3d, or palmit3d CoA. The total volume of the 
reaction mixture is 0.5 ml. The oxidation is not inhibited b3' phosphate 
ions. 1 unit of activit3^ 'rt'ith indophenol is defined as that amount of 
enz3mie which produces a change in optical densit3’' of — 1.00 at 600 m// 
in 1 minute in 0.5 ml. of reaction mixture. Specific activit3^ equals units 
per mg. of protein. 

Since there ma3'’ be as man3^ as three primar3^ delydrogenases present 
in the material under investigation, a single assa3’', carried out as described, 
ma3' not be a valid measure of Y. At present an exact knowledge of the 
specificit3^ pattern of the deh3^drogenases is onl3’- available for pig liver. 
The specificit}^ of the pig liver enz3Tnes has been recentl3' reported ( 6 ) 
and will be dealt with in the appropriate section. In order to make the 
•‘cataMic assa3'” a valid measure of Y, the following criteria have been 
applied. G is most actir-e with but3"r3''l CoA as substrate and is inert 
toward palmit3d CoA as substrate and as inhibitor. Y has its peak of ac- 
tivit3’ with the substrates of S to 12 carbons in the fatty acid residue and 
oxidizes but3'r3'l CoA and palmit3’l CoA at about one-fourth to one-fifth 
this rate. It is characteristic of Y that trace amounts of palmitrd CoA or 

■ The considerations of foot-note 6 should also be taken into account here. 
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its product of enzymatic dehydrogenation will inhibit. Imtyryl CoA oxida- 
tion coinplcle]}', Y' will not oxidize hutyryl CoA at a significant rate 
under anj'- conditions. This incr(nc.s.s toward hutyryl CoA and the fact 
tliat Y' oxidizes palniityl CoA at 00 per cent of the rate shown with octanoj4 
CoA rcadil}'^ ditTercntiatc Y^ from Y^. Odici'cforc, if all three cleliydro- 
gena.scs arc present and a quantitative estimate is desired, assaj'-s with (a) 


TAnan I 


Purification of Y from Pig Liver 


Fractionation step 

Protein 

Specific activity* 

Units 

Recover}’ 

c.t 

Cut 

C< 

C16 

C« 

Cl* 

Extraction of 300 gm. 

ms. 

GG,000 

0.7 

0.3 

45,000 



ptr cent 

100 

acetone powder of pig 
liver mitochondria 







Ammonium sulfate 

8,000 

1.4 

0.86 

11,000 


24. 5t 

35f 

Heating at 57° 

3,560 

2.2 

1.5 

7,840 


17.5 

27 

Zn'*^-ethanol 

290 

5.G 

4.0 

1,630 

1,160 

3.6 

5.8t 

Ammonium sulfate at 

84 

6.6 

6.3 

555§ 

530 

1.2 

2.7 

pH 8.1 








Zone electrophoresis 

18 


14.3 

2S0§ 


0.6§ 

1.3t 


* Specific activitj'’ as defined in the te.xt with indophenoJ as acceptor and in the 
presence of an excess of ETF. 

t Assayed with hutyryl CoA or palniityl CoA as substrate, respectively. 

f; It should be pointed out that 100 per cent for the extract includes Y and G when 
hutyryl CoA is the suhstiate and Y and Y' when palmityl CoA is the substrate. 
Part of Y' and G is lost in the first ammonium sulfate step, and the remaining Y' is 
eliminated with Zn"*^ in the fourth step. The total recovery of Y -f Y' after 
zone electrophoresis when both enzj’^mes are prepared from the same batch of 
acetone powder is 3.8 per cent. G is only separated on zone electrophoresis. 

§ In addition about 270 units of G were obtained on zone electrophoresis of the 
ammonium sulfate fraction (55 to 60 per cent saturation) containing 555 units. The 
total recovery of C4 units including G + Y is therefore 1.2 per cent. 


hutyryl CoA, (b) bufjoyl CoA in the presence of a trace of palmityl CoA, 
(c) palmityl CoA, and (d) octanoyl CoA are necessary. 

As shown by the different behavior of the three enzymes in the fractiona- 
tion procedure outlined below, specific preparative steps ma^’' also serve to 
single out, identify, or exclude individual enzymes. 

Purification — The purification procedure used for Y is outlined in Table 
I. This procedure permits the isolation of Y, Y', and G from one and the 
same batch of pig liver mitochondrial acetone powder. Because of t e 
close association of the three dehydrogenases, many fractions of lug 1 ac- 
tivity have to be eliminated, and the purification is carried on on y wi ■ 1 
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fractions which show satisfactory separation. The low jneld of the pro- 
cedure is referable to this necessity. All manipulations are carried out at 
0-4° unless otherwise specified. Solid ammonium sulfate is used in all 
ammonium sulfate fractionations. Saturation is calculated for ammonium 
sulfate solutions at 0°, 69.7 gm. per 100 ml. of water corresponding to 100 
per cent saturation. The pH is adjusted onlj' where so indicated. 

300 gm. of acetone powder of pig liver mitochondria are extracted with 
3 liters of 0.02 M phosphate of pH 7.S for 30 minutes. After centrifuga- 
tion at 2400 r.p.m. for 40 minutes in a 4 liter centrifuge (International 
Equipment Compan3’) about 1.8 litem of a reddish brown supernatant 
fluid can be decanted, which is not alwaj's completel}" clear. This extract, 
which contains 20 to 25 mg. of protein per ml., is fractionated with am- 
monium sulfate rvithout adjustment of pH into fractions of 40, 55, 65, and 
75 per cent saturation. The fractions are taken up in .small volumes of 
0.02 M KHCOa. The fraction obtained at 65 to 75 per cent saturation is 
used for the preparation of Y', as will be described in a later communica- 
tion. The 55 to 65 per cent fraction (about 100 ml. containing 60 mg. of 
protein per ml.) is dialj'zed ovemight against 0.02 m Tris acetate of pH 
7.2. The dial3'zed material (25 to 30 mg. of protein per ml.) is heated in 
a water bath at about 70° until it reaches a temperature of 57°. It is held 
at this temperature for 2 minutes and then immediatel3' cooled in an ice 
bath. This procedure takes about 7 minutes from the time the mixture is 
brought above ice bath temperature until it again reaches ice bath tempera- 
ture. The denatured protein is removed b3'' centrifugation. The super- 
natant solution has a protein concentration of 15 to 20 mg. per ml. and a 
pH of about 6.9. A 0.05 ji solution of zinc lactate of pH 5.5 is then slowh* 
added with stirring until a concentration of 0.001 m is obtained. The pH 
of the mixture drops to 6.6. The precipitate which is formed is removed 
b3’ centrifugation. This precipitate contains the remaining Y' and ma3^ 
be used as a source of this enz3Tne. The supernatant solution of the zinc 
precipitate is then fractionated nith cold absolute ethanol, and the tem- 
perature is kept slightl3’^ above the freezing point of the mixture. Frac- 
tions are separated 63^ centrifugation at ethanol concentrations of 9, 12, 
18, and 23 per cent, respective^x The precipitated zinc-protein com- 
plexes are dissolved in 0.4 m citrate of pH 7.2 and dial3'zed immediateh' 
against a solution, 0.02 m with respect to Tris acetate, 0.001 .m with respect 
to 'S'ersene, and of pH 7.2. After dial3'sis, the fraction which was obtained 
at 18 to 23 per cent ethanol is adjusted to a protein concentration of about 
15 mg. per ml. with 0.2 m Tris acetate of pH 8.1, which usually requires 
the addition of an equal volume of this buffer. The protein solution is 
then fractionated at this pH with ammonium sulfate into four fractions 
between 50 and 65 per cent saturation. The fractions are dissolved in the 
smallest amounts possible of 0.02 m Tris acetate of pH 7.2. 
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The fraction o))taincd bolavcon 55 and GO per cent saturation is then dia- 
lyzed with internal stirring for 3 hours against 0.2 u Tris acetate of pH 
8.1. The dial^^zed solution is subjected to zone electrophoresis on starch 
in the apparatus described by Flodin and Porath (1 5). The starch column 
is washed with the same buffer and placed in a cold room. 1 to 3 ml, of 
the dialj'^zed enzyme solution is then la3’'ercd on top of the column. 
slowlj'- draining liquid from the column, thenari’ow j^llow band of enzyme 
is moved down into the column a few cm., buffer being replaced on the 
top as necessaiy. The whole assemblj’’ is placed in a stirred water bath 
of about 4°. The negative electrode is attached to the top of the column. 
At a voltage of 600 volts and a current of 40 to 50 ma. satisfactory sepa- 
ration is achieved in IS hours. G migrates about 15 cm. down the column, 
whereas Y moves oi]!}'’ a few cm. BTF migrates in the opposite direction 
under these conditions and is found in the liquid above the column. 
The pattern of mobilities corresponds to that observed in the Tiseliiis ap- 
paratus, if the electroosmotic flow is taken into consideration, which is rel- 
atively high under these conditions. The bands are eluted from the 
column with the same buffer that was used during the separation and are 
collected in fractions of 2 to 3 ml. Each of the main fractions of the sep- 
arated enzymes is thus obtained in a volume of about 6 to 10 ml. The 
enzyme protein is precipitated with ammonium sulfate and taken up in a 
small volume of 0.02 m KHCO3. 

Properties, (a) Purity — ^After zone electrophoresis on starch, Y is free 
of Y', G, ETF, other enz 3 ^mes of the fatty acid C 3 mle, and glutathione thio- 
esterases, enzymes which ma 3 '^ cause considerable interference in assa 3 's of 
Y.® A preparation of Y which was examined during boundaiy electro- 
phoresis in 0.2 M Tris acetate of pH 8.2 showed onl 3 ^ one S 3 ’’mmetrical 
boundary under these conditions (Fig. 1) which migrated toward the 
anode. The same preparation Avas studied in the anal 3 ffical ultracentri- 
fuge (Fig. 2). Only one peak was observed under these conditions (see 
the legend to Fig. 2), which was symmetrical and sedimented with the 3 ’’el- 
low color. The sedimentation coefficient, computed on the basis of this 
experiment and corrected® to AA’^ater at 20° aavus S 2 o.,„ = 7.66 rt 0.06 S. This 
value indicates a minimal molecular AA^eight of 140,000 and a probable 
molecular AA’^eight close to 200,000.® The spectral properties, AA'hich aauII be 
discussed beloAV, also indicate that the preparation of Y is of high purity. 

® The forniUla 920, w ” Sexporimental X J 7 cxpcrimental Aso.w AA £IS applied fOT tlllS C 

Computed for a spherical molecule whose h3’^drod3mamic volume can be repre 
sented 63" Mv/N , where M is the molecular weight in gm. X mole"', H is Avogac 10 s 
number, and v, the partial specific volume, has been taken to be 0.74 m . X ; 
The probable molecular weight is calculated by assuming a frictional ra 10, J/Jo, 

1 . 25 . 
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(6) Absorption Spectrum — The absorption spectmm of Y is shown in 
Fig. 3. The tj'pical flavoprotein peaks are of very high symmetry in all 
preparations which have been obtained by electrophoretic separation. 
The ratio of the absorbance at the maxima or minimum, respect ivel}', at 
275, 315, 370, and 447mAi was 12.9:0.43:0.74:1.00 in the preparation which 


a 1 DA 


A 



c 



a 



c 


Fig. 1. Schlieren diagram of Y from pig liver obtained in a Spinco model H elec- 
trophoresis unit. 10 mg. of protein were used in 0.2 m Tris acetate, pH S.2, in the 
micro cell of the apparatus. .4, ascending limb (anode); D, descending limb. Pic- 
tures taken at 0 (a), 110 (6), and 1S6 (c) minutes. 



Fig. 2. Schlieren diagram of Y from pig liver in a Spinco model E analytical ultra- 
centrifuge (mean temperature, 0,7°; rotor speed, 59,7S0 r.p.m.; buffer, 0.05 m potas- 
sium phosphate, pH 7.0; initial protein concentration, 10.3 mg. per ml.). Pictures 
taken at 30 (a), 46 (6), 62 (c), 78 (d), and 94 (e) minutes. 

was studied in the ultracentrifuge and in the Tiselius apparatus as de- 
scribed above. However, preparations obtained by somewhat different 
procedures likewise exhibited S3mimetrical peaks but a lower value for the 
E«ro'Eur ratio. A ratio as low as 6.5 was observed in one case. It is ven^ 
unlikelj' that the preparation which had a value of 12.9 for E^to'Eu-, and 
which was studied during electrophoresis and ultracentrifugation was onl 3 ' 
about 50 per cent pure. If a loss of fla^^n during preparation was respon- 
sible for the high ratio obtained, one would expect a lower specific activit 3 - 
for this preparation and stimulation b 3 * added fla^^n. This was not the 
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case. Preparations of Y of a low Ensr.Ew ratio were not studied in the 
ultraccntrifuge. It can tlicrefoi’d onl.y be concluded at the moment that 
the preparative procedure used del ermines to a certain extent the spectral 
characteristics of Y and whatever properties are responsible for these char- 
acteristics. 

When a fatty acyl CoA is added to Y, the j^rosthctic flavin is bleached. 
1 he extent of bleaching is determined bj'^ the chain length of the fatty acid 
residue of the substrate (see Table II). ddiei'e is a strong increase in ab- 
sorptioji between 500 a)id (550 mu when Y is reduced with substrate. On 



m/j 

Fig. 3. Absorption spectrum of Y from pig liver. 295 y of protein (specific ac- 
tivity 14.3) were dissolved in 0.14 ml. of 0.036 m phosphate, pH 7.5. Solid line, oxi- 
dized form; dash line, reduced with 0.05 /iinole of palmit 3 d CoA; dotted line, dithi- 
onite added after palmitjd CoA. X, optical densit}’’ values at corresponding 
wave-lengths obtained with 0.02 /xmole of octanoyl CoA. The rise of absorption 
at 590 m/x with this substrate, as discussed in the text, is clearly visible. O, ex- 
tent of bleaching with 0.02 ^umole of but 3 uyl CoA at 447 m/x (not corrected for a 
small contribution of palmit 3 d CoA between 300 and 320 m/x). 

bleaching with dithionite, this band does not appear.*® It can, however, 
be produced when an a , (5-unsaturated fatt}'’ ac^d CoA is added to the di- 
thionite-reduced enzyme. Once the band has been produced by reduction 
of Y VTth substrate, the addition of dithionite leads onlj’- to a small and 
slow decrease in intensit}'^ of the band. In a similar 'w&y, dithionite leads 
to little further change of the residual absorption at 447 m/i when Y has 
been reduced bj’’ substrate (Cs to C 12 ). In the absence of substrate, how- 
ever, dithionite will bleach Y more extensively at 447 m/x than does sub- 
strate. Addition of an a , (5-unsaturated fatty acyl CoA to the dithionitc- 
bleached enzyme will then again restore the absorption at 447 m/x to the 

A transient appearance of the band within the first few seconds after addition 
of dithionite was observed. 
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level which is reached by reduction with substrate alone. It is e%'ident 
from these observations that tlie same interaction of YH; with the oxidized 
substrate which causes the appearance of the band between 500 and 650 

influences also the light absorption in the spectral region of the flann 
peaks. The extent of bleaching of the prosthetic flavin of Y b 3 - substrate 
has therefore to be evaluated nith caution. 

(c) Flavin Component — A solution of Y {E^to-Fu- = 12.9) was acidified 
with trichloroacetic acid, cleared In- centrifugation, and neutralized. The 
absorption at 450 m^ was measured before and after reduction with di- 
thionite. The evaluation of this measurement for the flavin content of A 
was based on the molar extinction coefficient for FAD (11.3 X 10® sq. 
cm. X mole~’ for the total absorption of FAD at 450 m;i (16)). From 
these measurements a riboflavin content of 0.22 rir 0.02 per cent was calcu- 
lated for Y, corre.sponding to a minimal molecular weight of 160,000 to 
190,000. As the sedimentation coefficient indicates a probable molecular 
weight of this magnitude, it maj- be tentativeh' concluded that Y” from pig 
liver has 1 flavin per molecule. Tlie prosthetic flavin is inseparable from 
chi-omatograpliically pure FAD" when chromatographed in two solvent 
sj-stenis (KiHPOramyl alcohol (17), Rr - 0.41; tertiary butanol-water" 
(60:40), Rr = O.IS). The flavin released from Y" was tested with n-amino 
acid apoo.xidase from pig kidnej- (18) at a variet.v of concentrations. From 
the conventional double reciprocal plot (19) an apparent dissociation con- 
stant of 2.0 X 10“' M (±7 per cent) was derived, compared to a value of 
1.9 X 10“' M (±10 per cent) for pure FAD under the same conditions. 
Further identification of the prosthetic flavin was not carried out. The 
available e\'idence is, howe\-er, consistent n-ith the view that FAD is the 
prosthetic group of Y. 

(d) 2IetaI Content — When preparations of Y were diaWzed exhaustivelj- 
against 0.02 m Tris acetate of pH 7.2 with or without added 0.001 m Ver- 
sene, wet ashed with nitric acid, and then tested with o-phenanthroline and 
a reducing agent, the ratio atoms of iron to molecules of flavin was about 
1:6. Negligible amounts of copper were found. The significance of the 
relatively small amounts of iron, which were consistenth- obsen'ed, is not 
clear. Spectrographic anah’’sis confirmed the results of chemical analj'sis 
and failed to indicate the presence of significant amounts of other metals. 

(c) Substrate SpeciUcity — Y from pig liver is bleached most extensivelj- 
by fatty acyl Co A derivatives of intermediate chain length (Cs to Cu). It 
is onlj- partial!}- bleached by butjTj'l CoA and to er-en a lesser extent bv 
palniityl CoA (Fig. 3). Y from pig liver is completely inactive in the 
“catalytic assay” with iirdophenol as acceptor unless supplemented u-ith 

11 We are indebted to Dr. H. R. Mahler for a sample of chromatographically puri- 
fied F-AD and information about the tertiary butanol-water system. 



710 


FATTY ACYL COA DIDIIYDnOGEXASE 


ETF. This phenomenon be more lliorougliJy discussed in the subse- 
quent paper on ETF (8). When supplemented with ETF, Y shows its 
liigliest cataljTic acti^'■ity with fatty acyl CoA derivatives containing 8 to 
12 carbons in the chain. A graphical pi’esentation of the specificity of Y, 
Y', and G from pig liver Avas shoAvn in a preliminary report (6). A more 
extensive account of the kinerics of the j'eactions catalysed by the fatty 
acjd CoA dehj’-drogenases' will appear in a subsequent communication. 

(/) Product of Dehydrogenation — The product of the dehydrogenation of 
ocianoy] CoA as cata]yzec\ by Y and ETF was characterized by its further 
enzymatic reaciions. In a wa.y .similar to that emplojmd by Green et al. 
(2) with G it was shoAvn that, the oxidation product of octanojd CoA is not 
capable of reducing DPN in the presence of the /S-h^'-droxyac^d CoA de- 
hydrogenase (20)'“ unless the unsaturated ac 3 d CoA hj^drase (crotonase)'- 
(21, 22) is added. This suggests tliat the primaiy product of dehydro- 
genation is octenojd CoA. It is most likel}’- that the isomer is formed.^ 
In order to ascertain that the action of Y does indeed initiate a /3 oxidation 
the one-step oxidation of octanoyl CoA to octenojd CoA was carried out. 
This compound, without being isolated, Avas then subjected to the action 
of the remaining enz 3 unes of the fatty acid c 3 ’’cle in tlie presence of DPN 
and CoASH. Finalb’’, malate, malic deh 3 ’’drogenase, and the citrate con- 
densing enzyme AA^ere added. Reduction of DPN occurred after this addi- 
tion. Citrate aa^s determined in the deproteinized reaction mixture. The 
folloAAdng relationship AA^as found: 0.43 ^mole of d3m was reduced'® during 
the first oxidative step, 0.21 ^mole of DPN AA^as reduced on addition of 
malate, malic dehydrogenase, and condensing enz 3 ane, and 0.23 //mole of 
citrate Avas found. The amount of indophenol originalb^ added aa’US such 
that the capro 3 d CoA formed b 3 '' enz 3 unatic cleavage of /3-ketooctanoy} 
CoA could not be further oxidized. The agreement of the anabdical Amines 
obtained is considered satisfactory in aucav of the complexit3'^ of the S3''stem. 
It may be concluded that a 2-carbon fragmeiit is indeed split off from 
octanoyl CoA in the course of these reactions, or, in other AA'ords, that /3 
oxidation takes place. Neither indophenol nor DPN AAms reduced and no 
citrate AAms formed, AA'hen Y and ETF AAmre added after depi’oteinization. 

Properties of Y from Beef Liver — An enz 3 nne, A^eiy similar in its proper- 
ties to Y from pig liver, had been isolated in high purit3'’ from }:)eef liver 
before the existence of ETF and Y' aa'us recognized. The presence of this 
enzyme in beef liAmr suggests that enz 3 ’-mes of the t 3 'pe of Y occur more 
general^'’ in nature. On the othei- hand, the beef liAmr enz 3 mie has some 
properties AAFich distinguish it from the pig liver enzyme. A short account 

Kindly provided by Dr. S. J. Wakil, ^ ir, I X 10'’ 

Indophenol AA’as used as o-xidant, and a molar extinction coemcient 
sq. cm. X mole~i employed according to our determinations. 
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of the early work on the beef liver enzj'me will therefore be given here, and 
the essential features are summarized in Table II together with those of 
the pig liver enzyme. 

Since Y from beef liver was prepared before ETF and Y' were known, 
the preparative procedure used can no longer be considered entirelj'^ satis- 


Table II 

Comparison of Properties of Y Isolated from Pig and from Beef Liver 


Property 

Pig liver enzj'me 

Beef iiver enzj'me 

Absorption ma.vima 

275, 370, 447 nifi 

275, 375, 445 m/x 

Ratio of absorbance at these maxima 

12.9;0.74:1.00 

9.4:0.80:1.00 

Decrease of absorbance on addition of 

At 447 m;i 

At 445 mp 

substrate, about 0.3 /imole per ml. 



ButjTyl CoA 

55% 

57% 

Octanoyl CoA 

72% 

63% 

Palnut 3 ’l CoA 

35% 

67% 

Substrate of highest affinitj'* 

ClO 

Cu 

Range of substrate specificity 

C*-Cu 

C(-Cic 

Butyryl Co.4. in presence of palmitj-l 

Not oxidized 

[ Not oxidized 

CoA 


1 

Riboflavin content 

0.22 ± 0.02% 

0.28 ± 0.02% 

Minimal molecular weight, riboflavin 

160,000-190,000 

125,000-145,000 

basis 

Sedimentation coefficient,! S 2 o,t» 

7.66 ± 0.06 S at 10.3 

7.7 ± 0.1 S at 8.2 mg. 


mg. per ml.f 

per ml.! 

Ratio, atoms of iron per molecule of 

1:6 

1:3 

flavin 



Behavior in presence of 0.001 si Zn"^ 

Not pptd. 

Not pptd. 

ions, pH 6.6| 




* In this propertj' Y from beef liver corresponds more closely to Y' rather than 
to Y from pig liver. 

t A minimal molecular weight of about 140,000 and a probable molecular weight 
close to 200,000 can be calculated for both enzjTnes (see foot-note 9). 

t Initial protein concentration. 

§ Distinguishing characteristic between Y and Y' of pig liver. 

factory. The following steps will, however, be of value in devising a satis- 
factory method of preparation. Y can be adsorbed on zinc hj"dro.xide gel 
in a procedure similar to that described previously (2) and can be efficiently 
separated from remaining G and hemoproteins by fractionation with etha- 
nol in the presence of 0.001 Zn'*^ ions. 

The purification was controlled b 3 ’- an assay which involved a direct ti- 
tration of the flavoprotein. The reduction of the prosthetic flavin by sub- 
strate was measured spectrophotometrically. Since the enzj’me is bleached 
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maximally by palmityl C’oA, additional bleaching, when bntyiyl CoA is 
added after palmityl CoA, indicates the pi’cscncc of G. This assay has the 
advantages of being rapid and insensitive to the presence of deaejdating 
enz3nnes. On the basis of this assaj'’, Y from beef liver was completely 
separated from G and was bi'onght to an estimated purity of 60 to 70 per 
cent. This estimate was based on an ultracentrifuge experiment and on 
the spectral propcidics of Y. The enzyme was characterized b,y essentially 
the same methods as those emplo.yed for Y from pig liver. 

The absor]3tion spectrum is that of a flavoprotein. It has been pre- 
sented in an earlier publication ( 2 . 3 ). ^’lie essential absorbance values and 
their ratios are repoided in Table II. Wlicn the enz^une is j’educed by sub- 
strate, the peaks at 445 and 375 ma disajjpear. Y fi'om beef liver, like the 
pig liver enz3une, shows the broad band at 500 to 650 mfx on reduction with 
substrate. As isolated, the cnz3’me seems to contain a hemopi’otein im- 
purit3’- which is indicated 133^ a .shoulder in the Soi'et region. 

In view of the minimal molecular weight indicated 133" the ribofla 3 dii con- 
tent and the i 3 robable molecular weight calculated from the sedimentation 
coefficient, it is uncertain whether Y from beef liver has 1 or 2 flavins per 
molecule. The released prosthetic flavin is inseparable from FAD when 
chromatographed as desciibed above. It also replaces FAD in the n-amino 
acid oxidase S3"stem. 

At three levels of purification (purities of about 34 , 45 , and 67 per cent) 
iron was present in Y at a ratio of I atom of iron for 3 molecules of fla^dii. 
Copper was present at a ratio to flavin of 1:6. The copper content could 
be reduced to 20 per cent of this value b3'- dial3^sis against C3mnide Avithout 
loss of catal3''tic activit3’' with either indophenol or c3'’tochrome c as acceptoi'. 
Arc spectroscop3'-^‘* failed to indicate the presence of heav3'’ metals other 
than copper and iron. The significance of the small amount of iron present 
is not clear. 

The prosthetic flavin of the beef liver onzyme is bleached hy fatt3’’ ac3'l 
derivatives of CoA from C4 to Cie. Acet3d, propioiyl, or isobut3U’3d CoA 
will not bleach Y. Isobut3n'3d CoA is the onl3^ substrate 33’hich bleaches 
G to some extent but does not bleach Y. This observation has )3een used 
as the basis of a differential assa3G 

Y from beef liver, at the stage of purit3" attained, catab'^zed the oxidation 
of fatty ac3d CoA derivatives from C4 to Cie 63" indophenol. This abilit3' 
to catal3’’ze the over-all reaction was, liowever, lost on storage of Y hi the 
frozen state for several months. Activito'- could be readib^ restored on ad- 
dition of ETF. Fresh preparations of Y from beef firmer, at all stage.s of 
purity, were stimulated about 3-fold in their catalytic activity 1)3^ addhion 
of ETF. On the other hand, side fractions were obtained from beef li3ei 

H We are indebted to Dr. V. W. Meloche of this university for these determina- 
tions. 



CUAXE, Mil, HAUGE, GREEX, AXD BEIXERT 


713 


preparations ivhicli had predominant activity as ETF. Such fractions 
were stimulated in their catalytic activity when supplemented with Y. It 
is therefore concluded that ETF occurs in beef liver and that Y from beef 
liver has the same requirement for ETF as electron carrier in the over-all 
catalytic process as does the pig liver enzyme. A certain amount of ETF, 
insufficient for optimal catalytic activity, seems, however, to accompany 
the beef hver enzyme very tenaciously through the purification. ETF 
then deteriorates preferentially on storage. 

Although the beef liver enzyme shares with Y from pig liver a variety 
of properties, it differs from the pig liver enzyme in that its affinity for 
palmityl Co.A. is higher than that for octanoyl CoA. In this respect, the 
beef liver enzyme would correspond more closely to Y' from pig liver. It 
is not known, and the matter was not further investigated, whether an ad- 
ditional enzyme corresponding in other respects to Y' of pig liver is present 
in beef liver. 

In the case of Y from beef liver K, for palmitj'l CoA is of the order of 
10~® M. Kt increases with decreasing chain length of the substrate to 10““ 
M for butyryl CoA. Ylien the substrates of a carbon chain longer than 
Ce are present at concentrations above 1 to 5 X 10““ m, the over-all reaction 
catalyzed by Y and ETF is inhibited. 

DISCGSSIOX 

Among a great variety of procedures which have been tested, only a veiy 
few have proved successful in separating G, A’, Y', and ETF. Green et al. 
(2) found zinc hydroxide gel unique in its ability to adsorb Y in preference 
to G in beef liver preparations. In the present work fractionation with 
zinc salts and ethanol (24), and this only after certain preliminarj* treat- 
ment, was the most successful procedure for separation of G, A", A*', and 
ETF on a preparative scale. It is of interest that even this step did not 
resolve G from A' in pig liver preparations. Zone electrophoresis on starch 
columns was the method of choice for the complete separation of suffi- 
ciently fractionated material. These observations are suggestive of a 
more than fortuitous association of the deh 5 *drogenases and ETF. Such 
an association was further suggested bj- experiments on boundan- electro- 
phoresis. Unresolved preparations of A' and ETF frequentlj* showed a 
high asymmetry of the pattern in the ascending and descending limb of the 
Tiselius apparatus. 

The enzymes, which presumably function together under physiological 
conditions, may be released in one unit on disruption of the mitochondria. 
It is most likely that the preparations of the fatty acyl CoA dehydroge- 
nases, whose properties have been described in earlier work, represented 
mixtures still partly unresolved. 

Seubert and Ljmen (25) have obtained a yellow flavoprotein from sheep 


FAITY ACYL COA DEHYDROGENASE 


/ib 

7. Crane, F. L., and Bcincrl, II., ./. Am. Chem. Soc., 76, 4*]!)] (1051). 

S. Crane, F. L., and Beinerl, II., ./. Biol. Chcvi., 218, 717 (1056). 

0. Mahler, II. R., Wakil, S. J., and Bock, R. M., J . Biol. Chem., 204, 453 (1053). 

10. Kornl)erg, A., and Pricer, AV. E., Jr., J. Biol. Chem., 204, 320 (1053). 

11. Simon, 10. J., and Sliemin, D., ./. Am. Chem. Soc., 76, 2520 (1053). 

12. Lowry, 0. II., and Be.ssey, 0. A., Biol. Chem., 163, 633 (1016). 

13. Gornall, A. G., BardawiH, C. J., and David, ,M. M., ./. Biol. Chem. ,111, 751 (1949). 

14. Gergely, J., Ilele, P., and Ramakrislinan, C. V., Biol. Chem., 198, 323 (1952). 

15. Flodin, P., and Poralli, J., Bioehim. cl biophys. acta, 13, 175 (1954). 

16. Warbtirg, 0., and Christian, AV., Biochem. Z., 298, 150 (193S). 

17. Carter, C. E., .7. Am. Chem. Soc., 72, 1460 (1950). 

18. Corran, H. S., Green, D. E., and StranI), F. B., Biochem. J., 33, 703 (1030). 

19. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 66, 65S (1934). 

20. AA’'akil, S. J., Green, D. E., Mii, S., and Mahler, H. R., .7. Biol. Chem., 207, 631 

(1054). 

21. AVakil, S. J., and Mahler, H. R., .7. Biol. Chem., 207, 125 (1954). 

22. Stern, J. R., and del Campillo, A., .7. Aoi. Chem. Soc., 76, 2277 (1953). 

23. Green, D. E., Biol. Rev., 29, 330 (1054). 

24. Cohn, E. J., Gurd, F. R. N., Surgenor, D. M., Barnes, B. A., Brown, P. K., 

Derouanx, G., Gillespie, J. iVI., Kahnt, F. \\ ., Lever, AAk F., Liu, C. H., Mittel- 
nian, D., Mouton, R. F., Schmid, K., and Uroma, E., J. .4;n. Chem. Soc., 72, 
465 (1950). 

25. Seubert, AA^, and Lj'nen, F., J. Am. Chem. Soe., 76, 2787 (1953). 

26. Goldman, D. S., J. Biol. Chem., 208, 345 (1954). 


ON THE MECHANISM OF DEHYDROGENATION OF 
FATTY ACYL DERIVATIVES OF COENZYME A 

II. THE ELECTRON-TRANSFERRING FLAVOPROTEIN 

By F. L. crane* and HELMUT BEINERT 

{From the Institute for Enzyme Research, University of Wisconsin, 

Madison, HTsconsin) 

(Received for public-ition, Maj' 31, 1955) 

Paper I of this series ( 1 ) has dealt with a yellow fiavoprotem (Y) which 
catalj’’zes the dehj'drogenation of fatty acyl derivatives of CoA.' The 
prosthetic flavin of Y is reducible by substrate, but the reduced form 
(YHj) is not oxidizable by conventional electron acceptors such as indo- 
phenol,^ cj-tochrome c, ferricj^anide, and oxj’-gen except in the presence 
of a second flavoprotein ( 2 ) which acts as a link between YH; and these 
acceptors and which we have elected to call provisionally the electron- 
transferring flavoprotein (ETF; reduced, ETFHo). The green flavo- 
protein, butyryl CoA dehydrogenase (G) ( 3 ), and a recentlj^ discovered 
yellow fatty acyl CoA dehydrogenase (Y'), specific for substrates of long 
carbon chain, are similarly dependent on ETF in their catal3i;ic turnover. 

The ability of ETFH2 to react with cjdochrome c is highty variable ( 2 ), 
in contrast to the consistent interaction with indophenol and ferric3’anide. 
This variability can be accoimted for in terms of protein interactions which 
occur in ETF preparations during fractionation and storage and which can 
be reversed under specific conditions. The present communication deals 
with the basic obser\"ations which led to the discovery of ETF and with 
the preparation and some of the characteristic properties of this enz3’-me. 
The basic phenomena related to the unusual interaction of ETF with C3i;o- 
chrome c as electron acceptor are also described. 

EXPERrMEXTAL 

Materials and Methods — These are the same as those described in Paper 
I ( 1 ). The assa3's of ETF ■ndth the various electron acceptors are carried 
out as described for the 3’-ellow deh3’^drogenase Y ( 1 ), except that an excess 

* Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

‘ The follovring abbreviations are used: CoA, coenzj'me A; DPN and TPN, di- 
and triphosphop 3 -ridine nucleotide, respectiveh'; DPNH and TPNH, reduced DPN 
and TPN, respectivelj’; FAD, flavin adenine dinucleotide; FMN, flavin mononu- 
cleotide; indophenol, 2,6-dichlorophenolindophenol; Tris, trisChj-droxj-methyRami- 
nomethane. 
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of ETF-free Y is added. Butyryl CoA has been routinely used as the sub- 
strate for A in tliese assa.ys. Uiiits and .speeific activity are defined under 
these conditions in the same way as for Y. 

Results 

Discovery of ETF in Pre-paralions of Y — When a purified preparation of 
Y from pig liver was subjected to electrophoresis in 0.2 m Tris acetate of 
pH 8.1, three major components were observed (Fig. 1). The two pale 
,yellow components of low mobility (Components I and II) were sampled 
jointl}'^ from the descending limb (cathode). They showed no character- 
istics of Y. A pure .sample of the fast moving component (Yo. Ill) could 

c I t M D 

r 

nil I T "IfilillllimTlflM— !■! 

Fig. 1. Sciiliercn diugram of a purified pig liver preparation containing Y and 
ETF obtained in a Spinco model H electrophoresis unit. 40 mg. of protein were 
used in 0.2 m Tris acetate, pH 8.1, in the micro cell of the apparatus. A, ascending 
limb (anode); D, descending limb (cathode). Components I and II contain ETF, 
Component III represents Y of high purity, and Component IV a small amount of 
G. Pictures were talcen at 0 (a), 95 (5), and 183 (c) minutes. The picture of the de- 
scending limb at 183 minutes was taken with the Hg line at 436 m/i and does not there- 
fore record the deep yellow Component III. 

be withdrawn from the ascending limb. Component III, which was deep 
yellow, possessed the spectral properties of Y. Its prosthetic flatdn was 
readil}'’ reduced by octanojd CoA. Yet in the presence of Component III 
electron acceptors like indophenol or ferricyanide were not reduced bj’’ 
octanoyl CoA at a significant rate. In other words, this flav’oprotein with 
obvious characteristics of Y was not able to catalyze the dehydrogenation 
of octanoyl CoA by indophenol or ferricyanide, although it could undergo 
a stoichiometric oxidation-reduction with octanoyl CoA. Recombination 
of this catalyticall}'’ inactive Component III with Components I and II 
reconstituted the original catab^tic activity of the material subjected to 
electrophoresis, as shown in Table I. That the protein Component I or 
II or both Components I and II were necessaiy for this effect was demon- 
strated by the failure of various materials to substitute for them (Table I). 
The active protein in Components I and II was found to be a flavoprotein 
which was called the electron-transferring flavoprotein (ETF). 
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The efTect of ETF on other preparations of Y and on preparations of Y' 
and G was then studied. It was found that the cataljdic activit}' of puri- 
fied Y' and G from pig liver and of all preparations of Y and G from beef 
liver with indophenol as acceptor was stimulated by ETF. 

Preparation of ETF — ^The procedure is outlined in Table II. All manip- 
ulations are carried out at 0—1° unless stated otherwise. 100 gm. of ace- 
tone powder of pig liver mitochondria are e.xtracted with 1000 ml. of 0.02 
M Tris acetate of pH 7.5 for 30 minutes. The residue is removed by cen- 
trifugation. 20 ml. of 0.05 M zinc lactate of pH 5.5 are added slowly under 
stirrmg to everj^ 100 ml. of the reddish brown extract, which contains 25 


T.vblb I 

Restoration of Activity of Elcctrophorctically Separated Components 


Component N'o 

Indophenol reduced, rapmoles 
per min. per mg. protein 

Original sample ... 

60 

I -f II 

6 

Ill 

3 

I -f Il-b III . . 

148* 

Ill -1- 500 7 serum albumin 

3 

” -t- ashed (I -h II) 

3 

“ -f- deproteinized (I -f- II) 

3 

I -f II -f FAD 

6 


* This specific activity is calculated b}' subtracting the blank rate of Component 
I + II from the rate found in the presence of Component I -f II -f III and divid- 
ing by the amount of protein present in Component III. Equal amounts of Com- 
ponent I -t II and of Component III were combined. The lower rate obtained 
with the original sample is due to the presence of the components in different pro- 
portions. 

to 35 mg. of protein per ml. (specific acthdty 0.1 to 0.3). The red precipi- 
tate is sedimented, and the supernatant fluid is brought to pH 7.2 and 
is then fractionated with solid ammonium sulfate into four fractions at 
35, 50, 65, and 85 per cent saturation. The fractions of 50 to 65 and 65 
to 85 per cent saturation (specific activity 0.6 to 0.8) are dial 3 ^zed against 
0.02 Ji Tris acetate of pH 7.5 until the ammonium sulfate concentration 
is reduced to less than 0.5 per cent. The protein concentration is adjusted 
to about 20 mg. per ml., and 20 ml. of 0.05 w zinc lactate of pH 5.5 are 
added as above per 100 ml. of enzj-me solution. The precipitate is re- 
moved by centrifugation, and the supernatant fluid is fractionated with 
ethanol without prior pH adjustment into three fractions at 10, 16, and 40 
per cent ethanol content. The temperature is gradually lowered to —15° 
during this fractionation. The precipitated zinc-protein complexes are 
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taken up in 0.4 m citrate of pH 7.2, and the fractions ai'c dialj'^zcd for 2 to 
3 hours against 0.02 m Tj'is acetate of pH 7.2. TJio first ethanol fraction 
(specific activit}’’ 0.1) contains most of the Y and ma}^ be used for further 
purification of this enz^yme. The third ctlianol fraction (IG to 40 per cent; 
specific activity 1.3 to l.o) is yellow and contains most of the ETF. 

This material is then further fractionated with .solid ammonium sulfate 
at a protein concentration of about 20 mg. per ml. without adjustment of 
pH. Fractions are collected at 50, 55, 65, 90, and 100 per cent saturation. 
ETF of highest activit}'^ is found in the fraction between 65 and 90 per cent 
ammonium sulfate (specific activity 1.7). Although little purification is 

Table II 


Purification of ETF 


Fmetionation step 

Protein 

m 



Extraction of 350 gm. acetone powder of pig liver 




per cent 

mitochondria 

66,500 

0.12 

8000 

100 

Zn'^-ammomum sulfate (50-65 a?id 65~S5%) 

7,560 

0.58 

4400 

55 

Zn+^-ethanol (16-40%) 

840 

1.4 

1180 

14.7 

Ammonium sulfate, pH 6.5-7 (65-90%) 

245 

1.7 

416 

5.2 

“ “ “ 8.1 (70-75%) 

18 

3.6 

64 

0.8 

“ " “ 8.1 (75-80%) 

21 

5.5 

118 

1.5 

“ “ “ 8.1 (80-100%) 

14 

4.3 

60 

0.75 


* Specific activity with indophenol as acceptor defined as the decrease in optical 
densit}'- at 600 niju per minute and per mg. of protein in 0.5 ml. volume. 


achieved in this step, it seems necessary for the successful outcome of the 
following step. 

The most active material from the preceding step is dialyzed against 
0.2 M Tris acetate of pH 8.1. The dialyzed solution is diluted to a protein 
concentration of 15 to 20 mg. per ml, with the same buffer. This solution 
is then fractionated with solid ammonium sulfate with no further adjust- 
ment of pH, which in this case remains constant at 8.1 throughout the 
fractionation. Fractions are collected at 60, 65, 70, 75, 80, and 100 per 
cent saturation. The material of highest activity is obtained at 75 to 80 
per cent saturation (specific activity 5 to 6). The adjoining fractions show 
also substantial purification and contain about half of the recovered units. 
As in the procedures used for the purification of the yellow and green de- 
hydrogenases, which are closely associated with ETF, satisfactory separa- 
tion of the related proteins was only achieved by a considerable sacrifice in 

yield. 
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Purity Criteria — Since ETF is a flavoprotein, the ratio of the absorbance 
at the ultraviolet absorption maximum at 270 m^i or the minimum at 310 
niM to that at the absorption maximum in the visible region at 437.5 mfi 
can serve as a criterion of purity. These spectral properties vnll be dis- 
cussed below. 

A preparat ion of ETF Avith a A’alue of 7.9 for E 27 o'-Eii 7.5 was studied dur- 
ing boundarA" electrophoresis in 0.2 m Tris acetate of pH S.l (Fig. 2). ETF 
is stationary under these conditions. This is in agreement AAuth the results 
obtained on cmde preparations, as shown in Fig. 1 . Although no material 
with an essentially different mobilitj' was observed, the boundaries showed 



Fig. 2. Schlieren diagram of ETF obtained in a Spinco model H electrophoresis 
unit. 11 mg. of protein were used in 0.2 iiTris acetate, pH S.l, in the micro cell of the 
apparatus. .4, ascending limb (anode); D, descending limb. Pictures were taken 
at 0 (a), 73 (6), 155 (c), and 248 (d) minutes. 

definite asA-mmetry after 2k hours and more so after 4 hours, indicating 
the presence of more than one component. 

An analogous preparation of the same spectral properties was studied 
in the analji:ical ultracentrifuge (Fig. 3). A single boundary' was ob- 
served AA'hich sedimented with the yellow color. This boundarj' remained 
sjTOmetrical during the Ik hours of the experiment. The sedimentation 
coefficient corrected to AA-ater at 20° AA-as calculated- to be S 2 o.,r = 3.86 ± 
0.04 S at the protein concentration used (see the legend to Fig. 3). It is 
estimated that ETF is likelj' to haA'e a molecular AA-eight of 30,000 to 70,000. 

Preparations of ETF, after the Zn-^-ethanol treatment, are completely 
free of the tAVO yellow dehydrogena.ses, of G, and of other enzymes of the 

- The formula S:o a = Jeiperucntai X ijexp-rmK-ntii/’iio u was applied for this correc- 
tion. 
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fatty acid cycle, l)ut preparations of even the highest purity contain vari- 
able amounts of another flavoprotein which catalyzes the oxidation of 
DPNH and TPNH bj" indophenol or c 3 'tochi'ome c (under certain condi- 
tions). The relationship of this diaphora.se-like enz^yme to ETF is not yet 
clear. If it is a flavoprotein of the high catal.vtic activity of the known 
diaphorases and c^hochrome reducta.ses, a 1 to o per cent contamination 
of ETF with such an enzjune could account for the observed activit 3 ^ 
Studies with inhibitors, the ijlT-activit 3 '’ relation.ship, and the fact that the 
activit 3 ’- towards DPNH is inseparable from that towards TPNH indicate, 
however, that the diaphorase or (ytoclirome reductase in the ETF prepara- 
tions is not identical with similar ones described in the literature (4-6). 

Absorption Spectrum of ETF — All highl 3 ' active preparations of ETF are 
deep 3 mllow and exhibit a characteri.stic absorption spectrum (Fig. 4). 



Fig. 3. Schlieren diagram of ETF in a Spinco model E analytical iiltracentrifuge 
(mean temperature, 9.3°; rotor speed, 59,780 r.p.m.; buffer, 0.05 m potassium phos- 
phate, pH 7.5; initial protein concentration, 14.4 mg. per ml.). Pictures taken at 
46 (a), 62 (5), 78 (c), and 94 (d) minutes. 

Basically it is that of a flavoprotein with peaks at 270, 375, and 437.5 m/i, 
but it has in addition some features unusual for flavoproteins. There is an 
additional minor peak at 460 mfi which invariably appears as a distinct 
shoulder in all ETF preparations, even those of low purity. It is of inter- 
est that a less pronounced shoulder in the corresponding spectral region 
has been observed with n-amino acid oxidase (7), the old and new yellow 
enzymes (8), and Straub’s diaphorase (4). Furthermore, the extremeb’’ 
low values of 6.5 for E^’in’-Ei^T and 0.3 for .£’ 3101 .^ 437.5 which have been ob- 
tained in ETF preparations are also unusual and are the lowest recorded 
for flavoproteins. Such spectral ratios would seem to make it quite un- 
likely that there is much contamination by colorless proteins in these 
preparations. There is, however, evidence that at least one more flavo- 
protein is present in these preparations, as discussed above. There is also 
in the spectra of all preparations of ETF a shoulder at about 410 vnu- t 
appears as a distinct peak at 415 m^ in preparations from which part 0 le 
flavin has been removed by precipitation with acid ammonium sii a e. 


F. L. CnAXE AXD H. BEIXERT 


723 


This shoulder in the Soret region ma}' be an indication of a contaminating 
hemoprotein. The significance of the presence of this hemoprotein is not 
3 'et apparent. 



Fig. 4. Absorption spectrum of ETF. ISO y of protein were dissolved in 0.4 ml. 
of 0.025 .M phosphate, pH 7.0. Solid line, oxidized form; dash line, redueed with 0.0.3 
/imole of palmityl CoA and 15 of Y; corrected for absorption of \ in the presence 
of 0.03 /imole of palmityl Co.-V. Dotted line, spectrum of flavin released from ETF 
by acid; spectrum taken after neutralization and corrected to the same volume in 
which ETF (as shown by the solid line) was originally present. 


T.\bi,e III 

Reactivation of Split ETF* with FADt; 


Preparation Xo, 1 

' Acceptor indophenol, speci6c activit^'J 

1 

Acceptor cj'tochrome e, specific activity } 

Before 

splitting 

Split enzjme 

Before 

splitting 

' Split enzyme 

1 

Without 

FAD 

With 

FAD 

With 

FMX 

Without 

FAD 

With 

FAD 

With 

FMX 

1 

6.7 1 

5.5 

6.5 


0.55 

0.64 

4.6 


2 


1 



0.4S 

1.2 

4.0 


3 

S.6 j 

2.5 j 

3.6 

2.6 

l.I , 

2.3 

4.1 

2.3 


* In the assays for enzjmiatic activity ETF was reduced with butjTj-1 CoA and Y. 
t FAD and FADf were added to a final concentration of 2.5 X 10“^ u. 
t For specific activity with indophenol see Table II; specific activity with cyto- 
chrome c is defined in the same way as that for indophenol except that the increase 
in optical density at 550 m/i is substituted for the decrease at 600 m/i. 

ETF preparations of high purity have a Yevy distinct greenish fluores- 
cence. 

Prosfkelic Group — "^Tien ETF is precipitated with ammonium sulfate 
at pH 4.2, up to 80 per cent of the prosthetic flavin maj' be detached from 
the enzjTne. Concomitant with the loss of flavin, enzjTnatic activity' is 
lost, which can be restored bj' addition of FAD but not of FMX (Table 
III). It is remarkable that a more pronounced stimulation is consistently 
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observed wlieji eyt ocliroine c is the .‘UTcpIor ralhoi' fhaii indoplicnol. With 
cytoehronic as a(’(’e])(oi', a tentative disaoeiation eonstani for FAD vas 
derived by measnrcnients at. various FA13 eomaml rat ions and cval\iation 
]\y the conventional plot (0), "J’he ap])arent J\/> was found to be of tlie 
order oi 10~"’ iu in this ease. When the })i-osthetie flavin is I’eleased from 
ETF bj'' treatment with triehloroaeetie acid, the spcetiaim ijidicatcd by 
the dotted lijie iji Fig. 4 is obtained. Tlie \'ahic of of the de- 

tached flavin is higher than theoretical for FAD (3.3) (10, 11) unle.ss the 
flavin is further purified. 

The released flavin was subjected to chromatographj’' on paper in the 
two s 3 fstcms described in Paper I. It showed the same values as pure 
FAD and Avas inseparable from added FAD. The flavin from ETF Avas 
also tested for its abilit}'’ to replace FAD AA'ith n-amino acid apoo.xidase pre- 
pared from pig kidne 3 '- b 3 '- the method of Negelein and Bromel (12). Val- 
ues AA^ere obtained at A^arious flaAon concentrations and evaluated b3^ the 
conventional reciprocal plot (9). Under the conditions used, the apparent 
Kd for FAD Avas found to be 3.3 X 10~’ m and for the flavin of ETF 3.7 X 
10~^ M. These e.vperiments indicate that FAD is the prosthetic group of 
ETF. A preparation of ETF AA'ith a A’^alue of 6.5 for Ezio’Eiz 7.6 was pre- 
cipitated in 0.5 per cent perchloric acid and treated as described preAuously 
(1). The FAD content of ETF AA^as 0.94 per cent and the riboflaAdu con- 
tent 0.45 per cent. This Avould correspond to a minimal molecular AA’eight 
of 83,500. Since a molecular AA^eight range of 30,000 to 70,000 AA’as indi- 
cated by the ultracentrifuge, it appears most likel 3 " that ETF has a molecu- 
lar AA^eight of about 80,000 and contains 1 flaAun per molecule. 

Spectrographic anal 3 ''sis for heaA'^y metals indicated the presence of only 
traces of iron and copper.^ According to chemical determinations, there 
Avas less than 1 atom of iron present per 5 moles of flaAun. Copper Avas 
present at azi CA^en smaller ratio to flavin. Molybdenum was absent. The 
significance of the small amount of iron found is doubtful. 

Interaction of ETF with Dehydrogenases—'Wben a fatt 3 ’’ ac 3 d CoA is added 
to ETF, no change occurs in the spectrum. Then, AA^hen in addition to the 
CoA deiwatiAm a catal 3 dic amount of Y is added, ETF is reduced in a fcAA" 
minutes as indicated b 3 ^ the dash line in Fig. 4. The absorption at 437.5 
m/i drops to 25 per cent of its original Amlue. Addition of dithionite leads 
to a further small reduction of the residual absorption. G or Y' can fulfil 
the same function that Y does in such experiments proAuded a fatty acyl 
CoA of an appropriate carbon chain is added. Experiments of this typo 
constitute convincing proof that the sequence of events in the dehydro- 
genation of fatty ac 3 d derivatives of CoA is the folloAving (see the scheme 

3 We are indebted to Dr. V. W. Meloche of this university for these .analyses. 
Further analyses were carried out by the American Spectrographic Laboratories, 
San Francisco, California. 
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in ‘‘Discussion”): the electrons are passed from the CoA derivative to 1, 
Y', or G and then to ETF. It was of interest to determine whether the 
oxidation-reduction between Y^H;, Y'lD or GH;, and ETF could be readily 
reversed, i.c. whether ETFH; could reduce Y, Y', or G. In an approach 
to this problem advantage was taken of the fact that A', but not G, is 
bleached by pahnityl CoA. A* and ETF were therefore reduced with an 
excess of palmityl CoA, and G was added after the reduction of A' and 
ETF was complete. Xo reduction of G could be observed when ETFH 2 
and G were present in approximately equimolar amounts uith respect to 
their prosthetic fla\’in, a condition necessary for proper spectrophotometric 
measurement. Apparentl}’, the equihbrium in such a system is sufScientlj' 
in favor of ETFHo so that a reversal cannot be detected. 



Fig. 5. (a) Dependence of rate of indophenol reduction by ETFH: on the con- 
centration of substrate if A'H; is considered the substrate of ETF. Standard con- 
ditions of indophenol assay with 47 of ETF (specific activity 6.0). 0.05 ^mole of 
butjTvl CoA added after Y and ETF had been incubated for 1 minute. (6) Depend- 
ence of rate of indophenol reduction by A'H;, as catalyzed by ETF, on the concentra- 
tion of ETF. Conditions as in (a), except that the fixed amount of 14 y of A' fspeci- 
fic activity 11.7) was present and varied amounts of ETF. 


The relationship between ETF and Y in the over-all oxidation of fattj' 
acyl derivatives of CoA by indophenol is shown in Fig. 5, a and b. In the 
experiments of Fig. 5, a ATI;, formed from A'^ b}' the presence of an excess 
of butyrjd CoA, was treated as the substrate of ETF ; in the experiments 
of Fig. 5, h ETF was treated as the electron-accepting substrate of A'H;. 
In both cases, which admittedly represent cmde first approximations, 
Alichaelis-jMenten behavior was satisfactoril}' followed. Approximate Ks 
values, based on the molarity of flaxnn in the enzxTnes, were derived from 
these experiments. K, for A'H; as substrate of ETF was found to be of the 
order of K)-® m. A K, of 10~‘ Ji was found for GH; as substrate of ETF. 
K, for ETF as substrate of A’'H; or GH; was of the order of m. The 
high affinity of the components of this flavoprotein system for each other 
is indicated. 

Electron Acceptors — ^Although ETF has so far been found to be specific 
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for its electron-donating suljstrates, viz. YHo, Y'Il2, and GIT2, it can react 
with a variety of electron acceptors. Most of the present work was carried 
out with indophenol, hut electrons can he readil}'’ transferred from ETFH2 
to ferricyanidc, cjdochroine c, manj’- quinones, and yV-methylphenazine. 
The last two types of acceptors have a limited ahilit}" to interact with YHo, 
YTT, or GHo directly (I). YHo, Y'Ho, and GH2 ai’c not oxidized o.xy- 
gen when substrate is present, and ETFH2 is only slowly autoxidizable. 

Interaction of ETF with Cytochrome c — Considerable attention was ini- 
tiall}'’ given to the interaction of ETFH2 with c3'^tochrome c, because it was 
surmised that the natural function of ETF was to link the deh3'^drogenation 
of fatt3’^ ac3d derivatives of CoA to C3ftochrome c. As pointed out earlier, 
the abilit3’' of ETFHo to interact with C3dochrome c was variable. Such 
ability was only found in certain ETF fractions and was largel3'^ lost on a 
few days storage in the frozen state without any perceptible change in the 
spectrum. It was first thought ( 2 ) that a component necessary for inter- 
action with c3^tochrome c was lost or had undergone some change in state 
in the isolated enz3nne. This seemed the more likel3’-, as similar observa- 
tions had previousl3'’ been made with DPNH c3dochrome reductase ( 13 ). 
In this case the loss of iron accounted for the loss of C3dochrome c-reducing 
activity, and this activity could be partially restored b3'' addition of iron. 
A great variet3'- of additions of cofactors, metal salts, boiled and concen- 
trated extracts, extracts of ashed material, and protective proteins neither 
stabilized nor restored the cytochrome c-reducing activity of ETFHo. An 
explanation was finall3^ provided b3’’ experiments on acid ammonium sulfate 
treatment of ETF, which were carried out to detach the prosthetic flavin. 
After this treatment the ability of ETFH2 to reduce c3"tochroine c was in- 
creased up to 6 -fold,'* whereas the ability to reduce indophenol was at most 
doubled and in most cases actually diminished. It is evident from the 
data presented in Table IV that there was not onl3’- an increase in specific 
activity, but also a substantial increase of the total units originall}'’ present. 
The recover3'^ of indophenol units indicates that the occasional increase m 
specific activit3'' with indophenol is merely due to further purification of 
ETF. The drastic change is specifically evident from the last columns of 
Table IV, where the ratio of indophenol to C3''tochrome units before and 
after acid treatment is compared. These observations are interpreted to 


* It was shown under “Prosthetic group” that FAD is released from ETF undei 
the conditions used here. The quantit3' of FAD released varies from preparation 
to preparation. The activit}" of acid-treated preparations is therefore stimulate 
to a variable extent bj' added FAD. Activation of the abilitj' to reduce c.vtochromc 
c was generally observed whether FAD was added or not (see Table III). In manj^ 
cases the activity was higher in the presence of FAD. FAD was therefore 
added in assays of acid-treated fractions in order to establish comparaiilc con i • 
It should be pointed out, however, that the activation phenomenon as sue 1 u n 
depend on the addition of FAD. 
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mean that the cj’tochrome c-reducing rate of ETFH" declines not because 
some essential component is lost, but because an acth'e site in ETF is 
blocked which can be exposed again b}' acid treatment. As the data for 
Preparation 1 in Table V show, the activation bj' acid treatment is to a 
certain extent reversible, since the rate of c 3 'tochrome c reduction bj’- 
ETFHs declines again when the treated material is stored for a short time. 

The rate of ferric\'anide reduction b}’- ETFH* is not influenced bj" all 
these treatments, but is as stable as the rate of indophenol reduction. The 
fact that the 1-electron acceptor ferricj-anide acts like indophenol in this 
case suggests that the peculiar behavior of ETFHs towards cjdochi-orae c as 
acceptor is completel 3 ' unrelated to the requirement of a l-electron transfer 
in the reaction -with cjdochrome c. Evidence had been presented bj^ 


Table IV 

Activation and Decline of Cytochrome-Reducing Ability of ETFH:* 


Prepa^ 

ration 

Xo. 

Acceptor indophenol 

Acceptor c>'tochrome c 

Indophenol 

units 

Speci6c activityt 

Units 

Specific activityt 

Units 

Cytochrome 

units 


m 

ii 

m 

(-») 

(4) 

(c) 

(«) 

(b) 

(C) 

(a) 

(4) 

(cl 

(a) 

(4) 

1 

2.8 

6.4 


5.0 

4.S 



3.3 



2.5 


5.5 

1.9 

2 

5.5 

3.8 


66 

36.5 



3.8 


11.5 

36.5 


5.7 


3 

8.6 

5.1 

3.64 

19.5 

7.9 

0,6 

1.1 

4.5 

1.73 

2.5 

Wiil 

2.7 

7.8 

1.1 

4 










3.2 

5.7 

2.7 




* ETF was reduced with butyrj'l CoA and Y. 

t See Tables II and III. 

t (a) Before, (6) immediately after treatment with ammonium sulfate at pH 4,2, 
(c) after treatment and storage of 1 week for Preparation 3 and 1 day for Prepara- 
tion 4. 

Mahler et al. (14) and h'lackler el al. (15) that the difference in the inter- 
action of other flavoproteins with 2-electron dj^es like indophenol, on the 
one hand, and c 3 ^tochrome c, on the other, could be explained b 3 ’ the re- 
quirement of a metal for the 1-electron transfer to c 3 i;ochrome c, whereas 
a 2-electron transfer could proceed nathout metal. In the present case of 
the interaction of ETFH 2 with c 3 fl;ochrome c, no metal was found to be 
implicated, and the observations reported above are best e.xplamed b 3 " the 
assumption that specific spatial requirements have to be fulffled before the 
reaction of ETFH 2 with C 3 ^toclu-ome c can take place. 

Fractionation experiments indicate that the interaction of ETF Avith 
cytochrome c is interfered nith b 3 " a protein which is present in ETF prepa- 
rations. This protein can be parti}’- separated from ETF (Table Y). It 
is noteworth 3 ’' that such separated inhibitory fractions are particularly 
rich in the diaphorase which occurs in ETF preparations (see “Purity cri- 
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tcria” above). It is also rcniai'kablc lliai- tliis cliapliorase, when associated 
with ETF, undergoes similar changes in ability to react with cytochrome c 
on treatment with acid ammonium sulfate or on storage. 


Tablc V 

Decline and Inhibition of ('i/tochroinc-licilncinij Abilili/ of ETFID and of 
Asffociated Diln/dropi/ridinr Xuclrotidc Dc/iiidrarjcnasc 








Specific actiA ity 
with indophcnol 






Specific activity 
with cytochrome c 

Prepara- 

Eluate of ammonium sulfate ppt. 

Indojihenol 

Cytochrome c 



lion No. 

at (iH 4.2 


Substrate 


YH, 

DP.VH 



YH,* 

DPXH 

YH; 

DPNH 




Specific activityt 



1 

Eluate immediatcl\* after elu- 
tion 

1.1 

1 

5.0 

1.5 

6.5 

0.73 

0.77 


Eluate 2 days after elution 

‘ 1.7 

6.7 

0.75 

0.17 

2.3 

39 

2 

Before acid treatment 

6.3 

8.6 

0.46 

0 

13.7 

3C 


Eluate 2 of ppt. at pH 4.2 

0.30 

3.3 

0.53 

0.03 

0.56 

no 


“ 5 “ “ “ “ 4.2 

0.75 

6.7 

0.75 

0.4 

1 

17 


“ 2 (17 y protein) -b Elu- 

ate 5 (4 7 protein) 

0.6 

10 

0.06 

0 

10 

00 

3 

Eluate 2 

2.8 

3.2 

1.7 

0 

1.65 

90 


“ 4 

0.35 

2.7 

0.05 

4.0 

7 

0.7 


“ 2 (19 7 protein) -f- Elu- 

ate 4 (37 7 protein) 

3.9 

3.2 

0.95 

0.36 

4.1 

9 


The protein precipitate obtained at pH 4.2 at a saturation of 95 per cent with 
respect to ammonium sulfate was eluted with 0.02 m Tris acetate, pH 7.5. Witli 
Preparation 1 a single eluate was obtained with 0.03 ml. of buffer per mg. of protein 
precipitate. With Preparations 2 and 3 successive eluates were made with about 
0.01 ml. of buffer per mg. of protein. The specific activitj’ of the recombined eluates 
was computed by subtracting the blank rate of the inhibitory fraction from the 
observed rate and dividing this corrected rate b 3 ^ the protein value of the inhibited 
fraction. The later eluate (No. 4 or 5) is always the inhibitor of VHo oxidation 
and the earlier eluate (No. 2) is the inhibitor of DPNH oxidation with cytochrome 
c as acceptor. 

* Y was reduced with butyiyl Co.A.. 
t See Tables II and III. 


DISCUSSION 

The present investigation has established the principle that flavopio- 
teins may operate in series in hj^drogen or electron transfer. Hie «ccom- 
paying scheme represents our present picture of hydrogen or electron 
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transport in the enz^nnatic dehydrogenation of fatty acyl derivatives of 
CoA. The mechanism by which an oxidation-reduction can take place 
between proteins which have tightly bound prosthetic groups^ deserr'es 
interest. A direct oxidation-reduction between enzymes, viz. between tri- 
osephosphate dehydrogenase and lactic dehydrogenase ( 16 ) or triosephos- 
phate dehydrogenase and DPXH cytochrome c reductase ( 17 ), had pre- 
■^dously been observed. However, it is simpler to conceive of a mechanism 
in these two instances, because it can be visualized that the bound pros- 
thetic group (DPN) of triosephosphate dehydrogenase can be shared by 
the other enzymes which have a binding site for readil3' dissociable DPN. 


Fatty acyl CoA 


Ci-C, -» G 

N 

C«-Cu A' — > ETF — »■ acceptors 

/’ 

Ce-C.e -> V' 


.-\s far as our present kitowledge goes, ETF is specific for its electron 
donors, viz. YH2, Y'H^, and GHj. The question is raised, however, whether 
other electron carriers of this t3T)e might not occur more general^' in elec- 
tron transfer systems. It seems possible that some of the more complex 
dehj’’drogenases of the flavoprotein group ma}- eventuallj- be resolved into 
a primarj' dehydrogenase and an electron carrier moietj* analogous to Y 
and ETF. 

Tlie principle of a coupled flavoprotein sj-stem has also some practical 
implications which have become obrdous in the description of the initial 
difficulties of the work reported in this and in Paper I. It maj'- be mislead- 
ing to follow enz5Tne purification by measurement of cataljiiic acthity with 
an arbitrarilj^ chosen electron acceptor. A similar conclusion has been re- 
cently arrived at bj' Singer and Keamej’’ ( 18 ) who showed that succinic 
dehjffirogenase could be readily purified as a soluble enzjnne onlj" if a spe- 
cific electron acceptor was used to follow its acthit3’'. One may therefore 
suspect that the difficulties encountered in the purification of certain other 
enzymes will eventual^ be explained along similar lines. A second practi- 
cal implication of the direct oxidation-reduction between flavoproteins 
concerns the reducibilit3" of the prosthetic group b3’- substrate. The reduc- 
tion of the prosthetic group of a flaffin enz3Tne b3'- its substrate is frequentl3' 
used as a reliable and convenient means of identification. The fact es- 
tablished in the present paper that one flavoprotein ma3" reduce another 
obriously calls for caution when quantitative information is to be derived 

‘ -Although the apparent dissociation constant for F.AD reported abo\-e was rela- 
tivelj- high after ETF had been split with acid .ammonium sulfate, there is no evi- 
dence that the native enzj-me releases FAD under any conditions or is stimulated in 
the presence of F-AD. 
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from the extent of bleaching l^y substrate. On the other hand, it has been 
shown in Paper I that the complex of a reduced flavoprotein with the oxi- 
dized substrate may absorb light in tlie spectral region of the flavin peaks 
and may thus likewise interfere with a quantitative evaluation of absorb- 
ance changes in the flavin component proper. 

New interest is focused b}'’ the present work on the actual role of copper 
in G. ETF was found necessary for optimal interaction of G with indo- 
phenol as well as with c3’'tochrome c. If ETF intervenes in electron trans- 
fer between G and cj'^tochrome c, the pathwaj’^ of electron transport in this 
S 3 ^stem is certainly more complex than that originally proposed (19), It 
is possible that a slow direct reaction of G with c 3 ’^tochrome c may be de- 
pendent on the presence of copper in the wa 3 ’’ suggested earlier (19). How- 
ever, it cannot be decided at the moment whether such small residual 
catalytic activity with indophenol or cytochrome c, as is occasionally pres- 
ent in preparations of G or Y isolated from beef liver, is due to contamina- 
tion w'ith ETF or to an intrinsic ability of these enz 3 ''mes to react directly 
wdth acceptors to a limited extent. The very fact that this ability is only 
found occasionall 3 '' and is lost on prolonged storage would make it more 
likely that contamination by ETF is indeed the explanation for this resid- 
ual activity. 

The role of cytochrome c as electron acceptor in the deh 3 ’’drogenation of 
fatty ac 3 d derivati-sms of CoA requires some comment. The strange situ- 
ation has been encountered that the ability of a flavoprotein to interact 
with cytochrome c can be increased several times by artificial means. 
These observations cast doubt on the actual significance of cytochrome c 
as electron acceptor in these systems in their natural state. How far these 
considerations apply to other s 3 ’'stems which can be linked to cytochrome 
c remains to be determined. 


SUMMARY 

The preparation and some properties of a new fla^mprotein (ETF) which 
specifically catalyzes the oxidation of the reduced forms of the green and 
the 3 mllow fatty acyl CoA dehydrogenases by indophenol, ferric 3 mnide, or 
cytochrome c are described. The prosthetic group of ETF appears to be 
FAD. The riboflavin content of ETF is 0.45 per cent, and its minimal 
molecular weight is 83,500 according to this flavin content. The ability 
of ETF to interact with cytochrome c is veiy variable, in contrast to the 
consistent interaction with other electron acceptors. This variabi]it 3 ’- can 
be accounted for in terms of protein interactions which occur in ETF prep- 
arations and which are reversed under specific conditions. The implica- 
tions of the present work are discussed with respect to fla\mprotein catal}^- 
sis and electron transfer in general and with respect to the significance of 
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cytochrome c as natural electron acceptor in the present S 3 'stem and the 
role of copper in butj'rjd CoA delu'drogenase. 
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The general nature of the biological transamination reaction (1) has 
been amply demonstrated in the past few j’cars (2-7). It has been sug- 
gested (8) that the coenzAune, via alternate interconversions into ptnido-val 
and pj'ridoxamine phosphates, functions as the shuttle of the amino groups 
in these reactions. If this mechanism is valid, it then follows that enzy- 
matic transaminations between the coenzj'me and a-amino or a-keto acids 
should be as wide-spread as between the amino acid pairs themselves. As 
an instance of this, Ave haA'e studied the enzAunatic transaminations be- 
tAA'een a-ketoglutarate and N'®-Iabeled pyridoxamine in a pig heaid ho- 
mogenate. The A-aliditj' of this approach for an inA'estigation of the mech- 
anism of the transamination reaction was first tested in experiments in 
which N‘®-labeled amino acids were the amino donors to a-ketoglutarate. 

EXPERrMEXT.AL 

Synthesis of Siihslrates — a-Ketoglutaric acid (m.p. 112-113®) was made 
by the condensation of diethj'l succinate with diethyl oxalate according to 
the procedure of Friedman and Kosower (9). n-Serine-N*^, [crjo^ —6.8° 
(4.4 per cent in Avater), was obtained bj’ resolution (10) of sjmthetic racemic 
serine (11). DL-Valine-N‘=, DL-Ieucine-N’°, and gl 3 'cine-N>= were prepared 
bj' the method of Schoenheimer and Ratner (12). By taking adA'antage 
of the differential solubilitj’ (13) of the l- and Di>leucine 2-bromotoluene- 
5-sulfonates in 1 x hj^drochloric acid, L-leucine-N*= Avas obtained bj' isotopic 
dilution of the nn-leucine-N'^. 

20 gm. of non-isotopic L-leucine and 2 gm. of DL-leucine-N*® of appro.xi- 
mateR' 32 atom per cent excess AAere dissoh'ed in 142 ml. of hot 1 x iiA'dro- 
chloric acid and precipitated AA-ith 2-bromotoluene-5-sulfonic acid. The 
salt was recrj'stallized tAA-ice from 200 ml. of 1 x hA'drochloric acid, a A-olumc 

* From a dissertation submitted in partial fulfilment of the requirements for the 
degree of Doctor of Philosophj' in the Facult a- of Pure Science, Columbia Universit \- 
1951. 

Py =. pyrido.xA'l; ATP = adenosine triphosphate. 

t Predoctoral Fellow of the .-tmerican Cancer Society, recommended bA- the 
Committee on GroAA'th of the National Research Council. Present address, Depart- 
ment of Microbiolog}-, Columbia UniA'ersity, XeAv York, 
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of solvent easil}'’ sufficient to keep the DL-leiicine salt in solution. After 
decomposition of the precipitate with barium acetate, L-leucine was iso- 
lated in the usual manner (14); yield, 12.2 gm. of L-leucine; [af^ -{-15.0° 
(2.2 per cent in 6 n hydrochloric acid). Lysinc-2-Ni^ histidine-2-N^®, and 
phenylalanine-N*® were preparations previously made in this laboratory 
(15, 16). 

Isotopic Fyndoxamine — ^The procedures in the literature (17) for the 
preparation of p3’'ridoxamine are iinsuited for adaptation to an isotopic 

Kn' 503 + Pb ► KI\j' 502 + PbO 


KN'5o2 + NaHS 03 + SO 2 


(CH3)2C=0 


(CH3)2C 



SO 3 

No 

-► H ON'5 

S O 3 

K 

HCI 



N'Sqh » 

• H 2 N 

>5oh«HCI 

H 2 O 




CH 2 OH 


HC = 0 


HO. 




CH 3 

hc = n'5oh 

HO'v' ^CH20H 




HCI 

Fig. 1. Isotopic synthesis of piTidoxamine 

synthesis, since they require the use of excess aqueous or liquid ammonia. 
It was found that cata] 3 '’tic I’eduction (18) of the oxime under the proper 
conditions gave an excellent 3 deld of p 3 n’idoxamine. This procedure neces- 
sitated the synthesis of isotopic h 3 ’-drox 3 damine, so that the nitrogen iso- 
tope could be introduced into the 4-aminometh3d position (see Fig. 1). 

KN^^Os (obtained from Eastman Kodak) was dissolved and reduced 
with lead powder according to the directions of Vanino (19). Trial ex- 
periments on this conversion averaged an 80 per cent 3 deld of nitrite. The 
aqueous solution of isotopic KNO2 was then reduced to h 3 '^droxylamine 
sulfate vdth SO2, trapped as acetoxime, and purified and isolated as the 
hydrochloride (20); 3 deld, 16 per cent (based upon KNO3); m.p., 145 ; 
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concentration, 13.98 atom per cent excess. The isotopic hydroxj-lamine 
hydrochloride gave an immediate, positive Benedict test at room tempera- 
ture. When this compound was heated in water ^^dth sodium acetate and 
benzojd chloride, it gave the characteristic color for benzhj'droxamic acid. 

The hydroxj'lamine hydrochloride (3.06 gm.) was coupled to pjTidoxal 
made from pjTidoxine (0.05 mole), and pj-ridoxal oxime, weighing 3.64 gm. 
(39 per cent jdeld based upon HjXOH-HCl), m.p. 229-230°, was obtained 
(21). A second isotopic batch prepared in this fashion was obtained in 
50 per cent jdeld. 

20 mmoles of pj'ridoxal oxime were dissolved in 150 ml. of glacial acetic 
acid which had been previously distilled over potassium permanganate. 
Freshly prepared palladium black catalj'st in glacial acetic acid was added 
to the solution containing the oxime. Reduction was allowed to proceed 
at slightl}’’ greater than atmospheric pressure. After 3 hours the theoreti- 
cal amount of hj^drogen had been taken up. The catal 3 'st was filtered, 
20 ml. of 6 X hj^drochloric acid were added to the filtrate, and the acetic 
acid was removed bj" distillation in vacuo. The remaining sjTup was 
taken up in 50 nal. of 95 per cent alcohol and was saturated with h 3 'dro- 
chloric acid gas in the cold. After standing for 5 minutes in an ice bath, 
white cr 3 "stals of p 3 Tidoxamine dih3'drochloride began to appear. A small 
amount of ether was added to complete the precipitation. After refrigera- 
tion overnight the product was filtered and washed with ether. It was 
dissolved in 60 ml. of hot alcohol and reprecipitated as above. After col- 
lection and dr 3 dng in vacuo at 63°, 3.04 gm. (65 per cent 346^) of product, 
m.p. 221-224° and mixed m.p. with an authentic sample 219-222°, were ob- 
tained. Its N*® concentration was 1.42 atom per cent excess. The reduc- 
tion of a second batch of p 3 Tidoxal oxime afforded a 77 per cent 3 'ield of 
P 3 'ridoxamine dih 3 ^drochloride taken as starting material. The melting 
point of this preparation was 219-220°, neutral equivalent 126, and 
concentration 1.31 atom per cent excess. The calculated neutral equiva- 
lent is 120.5. The absorption spectrum of this compound was identical 
with that of an authentic sample. 5 mg. of this preparation dissolved in 
4 ml. of Kessler’s reagent gave a negative test for ammonia. 

A portion of the p 3 nidoxamine dih 3 ’drochloride prepared as outlined 
above was converted to the free base b 3 ' treatment with sodium bicarbon- 
ate in water. The resulting precipitate was centrifuged in the cold and 
recr 3 'stallized from water, m.p. 186-188° and mixed m.p. 185-186° with an 
authentic sample. Upon solution in hot alcohol and treatment ndth a 

CsHi:0;X« (16S.2). Calculated. C 57.1, H 7.2, X 16.6 
Found. “ 57.2, “ 7.1, “ 16.1 

saturated alcoholic picric acid solution, the S3mthetic p3'ridoxamine readily 
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gave the dipicrate. Upon leciystallization from alcohol, the derivative 
melted sharply at 200° (decomposition). 

Enzymatic Transaminations— EvcaXi pig hearts were obtained and im- 
mediatelj'^ frozen with dry ice. GO gm. of thawed muscle tissue were ho- 
mogenized in a Waring blendor for 5 minutes with 300 ml. of 0.125 per cent 
potassium bicarbonate solution (1). The isotopic substrate, a-ketoglu- 
taric acid, and ammonium chloride were then added to the homogenate (see 
Tables I to IV for protocols), and the pH was adjusted to 7.4 to 7.5 b}’^ the 
addition of solid potassium bicarbonate. Incubation was carried out for 
1 hour at 37° with shaking. At the end of this period, solid trichloroacetic 
acid was added to a final concentration of 6 to 8 per cent. The precipi- 
tated protein was filtered to give a clear pale yellow filtrate. 

Isolation of Isotopic Components 

Ammonia — ^An aliquot of the trichloroacetic acid filtrate was removed. 
The ammonia was recovered b 3 ’- the addition of 40 per cent alkali with 
subsequent distillation into 0.07 n sulfuric acid. The remainder of the 
trichloroacetic acid filtrate was acidified b}’- the addition of 50 ml. of con- 
centrated hydrochloric acid and was taken to diyness in vacuo. After re- 
peated distillation vdth water under reduced pressure, the residue was dis- 
solved in 150 ml. of water and extracted with alcohol-free ether several 
times. The aqueous layer was again evaporated to diyness in vacuo, and 
the residue was taken up in 300 ml. of alcohol. The inorganic salts were 
filtered and then washed twice Avith absolute alcohol until colorless, and 
the alcoholic solution of amino acid hj^drochlorides AA^as concentrated to a 
S 3 ’-rup. To this syrup were then added 200 ml. of 6 n hydrochloric acid, 
and the solution Avas refluxed for 1 hour to h3’’drol3'^ze any amino acid esters 
that may have been formed during the alcohol extraction. The excess 
hydrochloric acid Avas then remoA'-ed b3'- repeated distillation with water in 
vacuo. 

The various amino acids from the enz 3 '^matic experiments were isolated 
in the usual manner. Glutamic acid AA’^as obtained by the procedure of 
Jones and Moeller (22). All the samples of glutamic acid hydrochloride 
AA^hich AA^ere analyzed for content AA'^ere reciystallized to the correct spe- 
cific rotation, -}-30.3° to -f-31.8° (based upon the free acid). The 
transamination experiments yielded amounts of glutamic acid lydrochlo- 
ride A’^aiying from 75 to 350 mg. Aspartic acid Avas isolated and i-eciystal- 
lized as the copper salt. Alanine AA'as obtained from the dicarboxylic acid 
filtrate either as the benzo3d derivatiA'-e (m.p. 136-138°, [a]l^ 4-31.7° (1.3 
per cent in 1 n NaOH)) or as the jS-naphthalenesulfoiyl (m.p. 57°, neutral 
equivalent 296') compound. Leucine and valine Avere isolated by isoelec- 
tric precipitation. Leucine Avas purified by means of the 2 -bromotoluene- 
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5-sulfonic acid salt, while valine was transformed to the p-tolueneailfonjd 
derivative, m.p. 148-149° (23). Glycine was isolated via the trioxalato- 
chromiate complex (24) and punfied as the p-tolueneailfonyl compound, 
m.p. 147-148°. Lj'sine hydrocliloride was prepared from the precipitate 
formed b}' the addition of phosphotungstic acid to the dicarbox 3 'lic acid 
filtrate, while histidine was obtained as the diln-drochloride after suitable 
treatment of the isolated mercuiy complex. 

RcsuUs 

The experimental demonstration of transamination was based upon the 
folIo\\ing procedure; an amino acid labeled with X'’, a-ketoglutaric acid, 
and non-isotopic ammonium chloride were added to fresh pig heart homoge- 
nate in ICHCOs solution mixture as described al) 0 \'e. If the formed glu- 
tamic acid contained a higher concentration than did the ammonia, 
then transamination occurred. 

It can be seen from Table I that the X*° concentration of the isolated 
glutamic acid was, with two exceptions, higher than in the ammonia. 
Histidine (Experiment T/37) and ammonia itself (E.xperiment T/27) are 
thus excluded as participants in transamination reactions, while these data 
indicate that transamination did occur between alanine, aspartic acid, 
leucine, ^■aline, t 3 Tosine, phen 3 'lalanine, serine, and to a lesser e.xtent gl 3 "- 
cine, h'sine, and a-ketoglutaric acid. In Experiments T/37 and T/38 a 
slightl 3 " different approach was utilized. Here, the non-isotopic amino 
acid under investigation was added to the homogenized tissue together 
with X’^-glutamic acid and a-ketoglutarate and was subsequentl 3 ' reiso- 
lated from the incubation mixture. An X'® concentration higher than am- 
monia indicates that the amino acid took part in reversible transamination 
reactions. The known amino acid donor, leucine, was found to contain 
an appreciable isotope concentration, whereas histidine turned out to be 
inactive when examined in this fashion. This particular amino acid ma 3 ' 
not be formed, therefore, b 3 ' the usual route of amination of its a-keto 
analogue. 

If p 3 'ridoxamine is capable of entering into transamination, then the ad- 
dition of non-isotopic p3Tidoxamine to a transaminating S3'stem containing 
an isotopic amino acid and a-ketoglutarate should result in a dilution of the 
X'^ concentration of the resulting glutamic acid. The aspartic acid-a- 
ketoglutaric acid pair was chosen for this series of investigations with 
L-aspartic acid as the isotopic substrate. 

The data in Table II show that the X'^ concentration of the isolated 
glutamic acid in those e.xperiments wherein normal p3Tido.xamine was 
added is about 12 per cent lower than that from the control experiment. 
The X'5 concentration of the isolated glutamic acid of Experiment T/17, 
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in AvJiicli nil equivalent amount of ammonia had been added, was the same 
as that of llie control. Ihese values again indicate that ammonia is not 
an intermediate in tlic transamination process. It follows that the dilu- 

Tahu: I 

h'cprcsciilativc Atmno Acid Transamination in Piij Heart Sijslcm in Vitro 
10 mmoles each of isotopic amino acid, a-kctoglntaric acid, and NH4C1 added to 
GO gm. of pig lieart homogenate, pll adjusted to 7.4 to 7.5 with solid KHCO3 when 
necessary. Incubation at 37° for 1 hour. 


Experi- 
ment No. 

Isotopic amino .idd .iddcd 

N>5 concentration in atom 
per cent excess of compounds 
isolated 

Compound 

N’‘* .ntom 
per cent 
excess 

Amino 

group 

donor 

Glutamic 

acid 

Am- 

monia 

T/11 

i.-Alanine 

1.97 

1.71 

1.54 

0.050 

T/13* 


1.97 

1.6S 

1.43 

0.054 

T/17t 

L-Aspartic acid 

4.06 

3.55 

3.13 

0.045 

T/27f 

NH4CI 

2.92 


0.081 

2.40 

T/5 

L-Leucine 

1.51 

1.37 

0.417 

0.010 

T/23§ 

nn-Valine 

2.32 

2.22 

1.64 

0.066 

T/36|) 

L-Phenjdalanine 

1.94 


0.287 

0.017 

T/31 

DL-Tyrosine 

1.01 

0.95 

0.108 

0.045 

T/24 

L-Serine 

0.602 


0.071 

0.040 

T/20 

Glycine 

2.17 

2.17 

0.123 

0.053 

T/401f 

L-Lysine 

4.40 

4.44 

0.226 

0.06S 

T/38** 

L-Glutamic acid 4- normal n-leucine 

1.47 

0.321 


0.045 

T/37tt 

“ “ + “ L-histidine 

1.47 

0.018 


0.041 


* Incubation mixture 0.02 u with respect to arsenite. 
f 5 mmoles of NH4CI present instead of usual amount. 
t 10 mmoles of normal L-aspartic acid added as amino donor. 

§ Tosylvaline isolated predominantly n isomer, [a]f —20.4° (1 per cent in eth- 
anol). Compare this rotation with that of Hinman et al. (23). 
li 4 mmoles of each constituent initially added. 

If Isotope onl}" in a-amino group. 

** 5.0 mmoles of each substrate added; 0.02 ju arsenite present; leucine reisolated, 
ft 5.25 mmoles of each substrate added; 0.02 m arsenite present; histidine reiso- 
lated. 

tion caused by the addition of pyridoxamine to the reaction medium was 
not due to deamination of this compound with concomitant i-cdnctivc 
ainination of a-ketoglutarate. 

The actual transfer of the amino group from p3u-ido-\'amine to a-keto- 
glutaric acid was demonstrated the incubation of N^^-pyridoxamine in 
the homogenate under various conditions (protocols given in Table III). 
Transamination was the principal reaction undergone ])y this compound, 
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althougli a limited amount of deamination took place as 'well. In Experi- 
ment T/30, both normal aspartic acid and isotopic pyridoxamine -were 
added to the incubation mixture with a-ketoglutarate. Here the con- 
centration of the resulting glutamic acid was much lower than that in the 

Table II 

Effect of Pyridoxamine Addition on Aspartic Acid-Glutaniic Acid Transamination 
10 mmoles of L-asparfic acid, K'® 4.06 atom per cent excess, and 10 mmoles of 
a-ketoglutarate in the pig heart sj’stcm; pH 7.4 to 7.3. Incubation at 37° for 1 hour. 
Other additions as indicated. 


E.Tpenmcnt Xo. 

Compounds added 

X** concentration in atom per cent excess of 
compounds isolated 


Aspartic acid 

Glutamic acid 

.VH, 

T/23 

Xone 

3.61 

3.15 


T/17 

5 mmoles XH<C1 

3.55 

3.13 


T/19 

5 “ pyrido.x.iniinc 

3.50 

2.73 

1 0.151 

T/IS 

5 “ “ 1 

-f 5 mmoles .\TP 

3.46 

2.83 

0.115 

T/26 

10 mmoles pyrido.vamine 

3.52 

2.77 

0.258 


Table III 

Enzymatic Transamination of Pyridoxamine with a-Ketoglutaric Acid 


6.2 mmoles of N‘*-pyridoxamine and 6.2 mmoles of a-ketoglutaric acid in 60 gm. 
of pig heart homogenate. Other non-isotopic additions as indicated. Incubation 
at 37° for I hour and at pH 7.4 to 7.5. 


Experi- 

ment 

Xo. 

Constituents added 

X** atom 
per cent 

X^* concentration in atom 
per cent excess of compounds 
isolated 



excess 

Aspartic 

acid 

Glutamic 

acid 


T/29 

Pyrido.xamine 


m 


0.506 



it 

-f- 6.2 mmoles aspartic acid 

WEk 

0.0S9 

0.071 


T/32 

It 

-P 6.2 “ XH,C1 

isi 


0.363 


T/33 

ti 

do.xine 

-t- 6.2 “ deox^-pyri- 

n 


0.664 



other experiments, owing to the competitive transamination of the aspartic 
acid. However, the aspartic acid and glutamic acid samples isolated at 
the end of the reaction contained almost the same X*® concentration. The 
higher X‘° concentration of the ammonia sample in this experiment is 
probably due to deamination of the isotopic pj'ridoxamine in some manner. 
This result again demonstrates the non-equilibration of the ammonia pool 
with the transamination process. 
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An analogue of pju'idoxinc, 2,4-cliracih3'’l-3-h3’’clroxy-5-]iydroxynaethy]- 
pju’idino, or deox 3 ''pyi'idoxinc, has i)een shown bj'’ Ott to act as a powerful 
antagonist of p 3 a’idoxinc in the chick (25). A similar effect upon rats was 
demonstrated b 3 ’’ Emerson (26). On the other hand, this compound had 
no apparent effect upon an aspart.ic-glulamic transaminase from heart 
muscle, although it could be shown that dcox 3 ’’p 3 Tido.xine phosphate in- 
hibited a tyrosine decarbox 3 dase preparation (27). In Experiment T/33, 
addition of an equimolar amount of dco.X 3 q) 3 U'idoxine to the reaction me- 
dium in no wa 3 ’’ inhibited p 3 '’ridoxamine transamination. 

Table IV 

Comparison of Isotopic Svbstraics rfs Amino Donors to a-Kcioghiiarate 

in Pig Heart Spslcni 

^ N'° atom per cent excess isolated glutamic acid 

I? t o V./ ir\r\ 


N*® atom per cent excess isotopic amino donor 


Experiment N'o. 

Isotopie constituent added 

Et 

T/17 

L-Aspartic acid 

77 

T/6, T/11, T/13 

L-Alanino 

75 (Average) 

T/23 

DL-Valine 

70 

T/4, T/5 

L-Leucine 

28 (Average) 

T/32 

Pja-idoxamine 

28 

T/3G 

L-PIienjdalanine 

15 

T/24 

L-Serine 

12 

T/31 

DL-Tyrosine 

11 

T/20 

GL'cIne 

5.7 

T/40 

L-Lj'sine 

5.1 

T/27 

NH4CI 

2.8 


In Table IV a rough comparison between the activities of the amino 
acids tested, pyridoxamine, and ammonia as donors of the amino group 
to a-ketoglutarate is given. Aspartic acid, alanine, and valine were the 
most active, followed hy leucine, pyridoxamine, phenylalanine, serine, and 
tyrosine. Lysine and glycine were poor participants, while histidine, 
discussed previously, was essentially inactive and not listed. It is im- 
portant to recognize, however, that the data presented in Tables I to IV 
are hy no means a quantitative measure of the extent of transamination. 
In order to determine the quantitative relationships between the trans- 
aminase enzymes Iheir concentrations in the tis.sue, as well as their equi- 
librium constants, must be estimated. 

That these additional transaminations were enzymatic in nature can be 
deduced from the fact that the l isomer of glutamic acid was isolated in 
all instances. Eurthermore, leucine and a-ketoglutarate in one case, am 
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pyridoxamine and a-ketoglutarate in another, were incubated for an hour 
at 37° in KHCO3 solution of pH 7.4 in the same concentrations as those 
in the enzjmiatic runs. Samples were withdrawn at this point, and also 
after acidification with HCl, and were examined by paper partition chro- 
matography for the presence of glutamic acid. There was no evidence for 
non-enzymatic transamination. 


DISCUSSIOX 

Presumptive evidence for the enzjmiatic transaminations between pj’^ri- 
doxamine and a-keto acids has been reported previously onlj" in bacterial 
systems. In experiments with Streptococcus faecaUs Bellamy el al. (28) 
showed that pjTidoxamine was transformed into pyridoxal phosphate 
upon the addition of P3'ruvate to the medium. Similarlj', the intercon- 
version of pj'ridoxamine phosphate to pjTidoxal phosphate with pj'ruvate, 
and presumablj’^ other a-keto acids, catalj'zed bj' enzymes from Clostridiiim 
xcelchii has been studied (29) . The demonstration here that pjnidoxamine- 
a-ketoglutarate transamination occurs in pig heart tissue is not unex- 
pected in the light of the recent developments in comparative biochemistry. 
These findings, together with the recent disclosure that purified aspartic- 
glutamic apotransaminase can be activated bj’’ either pjTidoxal or pjTi- 
doxamine phosphate (30), strengthen the original working hj’pothesis put 
forth bj"- Snell for the mechanism of transamination. 

The transamination of p5Tidoxamine with a-ketoglutarate can be en- 
visioned as mvolving either Mechanism 1 or 2. 


kinase 

(1) PyX‘°Ha + ATP PyN*^H 2 -P 04 + adenosine diphosphate 

Pyyi5]j„.po^ 4 - enzyme enzyme •Py-N‘^H 2 -P 04 

(2) Enzyme •Py-P 04 -aIdeh 3 -de -p Pj’'N**H 2 ^ 

enzjTne-P\'-P 04 -N*^H 2 -p Pj’'-aldehj-de 

followed bj^ 

(3) Enzi'me-Pj"-POcX‘®H 2 -p a-ketoglutarate 


N‘®-glutamate -P enzj-me-Pj'-P 04 -aldehj-de 

Whether pjaddoxamine per se or its phosphoiylated derivative entered 
into the transamination in this pig heart sj’^stem camiot be inferred from 
these experiments. Pj'ridoxamine kinase has been demonstrated in j’-east 
(31) and the presence of the aldehj'de kinase indicated in brain (32). 
Certainlj', if phosphorjdation is involved prior to the entrance of the 
amine into transamination in the pig heart homogenate, all the neces- 
sary components for pyridoxamine kinase reactions must be present in 
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this tissue. It slioiilcl be noted that the addition of ATP to the S3’^stem 
(Experiment T/18, Table II) did not enhance isotope incorporation into 
glutamate. On the other hand, it must not be overlooked that perhaps the 
phosphoiylated coenzyme, already on the enzyme surface, is handling the 
N^®-labeled pyridoxamine as it would an}'’ other amino donor. In this 
case, a transamination between the amine and aldehyde forms of vitamin 
Bg, with the molecule acting both as a substrate and as the coenzj'me, 
must be postulated. Meister and coworkers report, however, that the}' 
have been unable to demonstrate the conversion of enzyme-pyridoxamine 
phosphate to enzyme-pyridoxal phosphate (30). 

I should like to thank Dr. David Shemin for his advice and encourage- 
ment during this investigation. 


SUMMARY 

1. An examination of the transamination reaction in a pig heart homog- 
enate with N^^-labeled substrates has been undertaken. An experimental 
method has been developed whereby it is possible to determine whether 
an amino donor undergoes transamination to a-ketoglutarate. 

2. Besides alanine and aspartic acid, leucine, valine, phenylalanine, 
tyrosine, serine, glycine, and lysine are capable of entering such trans- 
amination. Histidine appears to be inert as an a-amino donor. Ammonia 
is not an intermediate in the amino group transfer. 

3. Pyridoxamine labeled with N'® in the aminomethyl group has been 
synthesized. It transaminates readily with a-ketoglutarate in this sys- 
tem. The relationship of these findings to the mechanism of transamina- 
tion has been discussed. 
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Sedoheptulose diphosphate was discovered in the course of efforts to 
isolate D-erji;hrose 4-phosphate formed from sedoheptulose 7-phosphate 
and glyceraldehj’de 3-phosphate in the reaction catalj^zed by transaldol- 
ase (1). In the presence of cr 5 ’'stalline muscle aldolase and fructose diphos- 
phate used as the source of glj'ceraldehyde 3-phosphate, the tetrose ester 
was found to condense with dih 5 ’^drox}’acetone phosphate to form a new 
heptulose diphosphate ester. This product was purified bj’’ ion exchange 
chromatography and identified as sedoheptulose 1 , 7-diphosphate. 


^Idols^SG 

(1) Fructose diphosphate , glj-ceraldehyde 3-phospbate 

•4- dihydroxyacetone phosphate 
transaldolase 

(2) Sedoheptulose 7-phosphate -f glyceraldehyde 3-phosphate 

erj'throse 4-phosphate -p fructose 6-phosphate 
aldolase 

(3) Erythrose 4-phosphate -f- dih 3 ’droxyacetone phosphate ^ - - - . 


sedoheptulose l,7-diphosph3te 

The preparation of sedoheptulose diphosphate by this series of reactions 
(2) involves the prior isolation of sedoheptulose 7-phosphate and is vm- 
suitable for large scale operations. An alternative method for the prep- 
aration of this compound was suggested by the work of Racker et al. 
(3, 4), who have described the formation of heptulose phosphate from 
fructose 6-phosphate and ribose 5-phosphate in the presence of trans- 
ketolase. Upon addition of fructose diphosphate and aldolase, heptulose 
formation was substantiallj’- increased. It was suggested by these workers 
that this increase was due to the formation of sedoheptulose diphosphate, 
although this product was not isolated or identified. 

In the present paper the isolation of sedoheptulose diphosphate from a 
similar reaction mixture, containing only fructose diphosphate and fruc- 

* A portion of the experimental data in this paper will appear in a thesis to be 
submitted by P. Z. Smj'rniotis in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy, Georgetown University, Washington, D. C. 
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tose 6-phosphate as substrates, is described. These reactions provide 
presumptive evidence for erythrose 4-phosphate formation in the trans- 
ketolase-catalyzed cleavage of fructose 6-phosphate. In the presence of 
transketolase “active glycolaldehyde”^ condenses with glyceraldehyde 
3-phosphate to form pentose phosphate, which reacts further to produce 
sedoheptulose 7-phosphate. 


Fructose 6- transketolase 
phosphate ' 


Fructose di- aldolase 

phosphate ^ 


‘active glj'colaldehj'de” 

-f- 

[erj'throse 4-phosphate 

fdihydroxyacetone phos- 
j phate 

-f- 

glyceraldehyde 3-phosphate 


aldolase 


sedoheptu- 
lose di- 
phos- 
phate 


Although the over-all yield of sedoheptulose diphosphate is only 30 per 
cent, even with a 3-fold excess of fructose diphosphate, the starting com- 
pounds are commercially available, and the product is readily separated 
from the other reaction products, mcluding sedoheptulose 7-phosphate, by 
ion exchange chromatography. Bj’- an exchange reaction with appropri- 
ately labeled fructose diphosphate in the presence of aldolase, can be 
introduced into an}'’ of the first three positions of the heptulose ester. 


Materials 

Commercial barium and magnesium salts of fructose 6-phosphate and 
fructose diphosphate were dissolved in dilute hydrochloric acid and con- 
verted to the potassium salts by passage through a Dowex SO-K"^ column. 
Uniformly labeled fructose diphosphate was obtained from the Nuclear 
Instrument and Chemical Corporation. For chromatography, Dowex 1 
anion exchange resin (The Dow Chemical Company, 10 per cent cross- 
linked, 200 to 400 mesh) was washed with 2 n hj'drochloric acid until the 
washings were free of significant absorption at 260 mp. It was converted 
to the formate form by treatment ivith 2 ]\i sodium formate until the 
chloride was completel}'- displaced. E.xcess formate was remoi''ed b}^ 
washing with water. Reduced diphosphop 3 'ridine nucleotide was prepared 
by the method of Ohlmeyer (6) from diphosphop 3 n-idine nucleotide ob- 
tained by the method of Kornberg and Pricer (7). Triphosphop 3 n'idine 
nucleotide (TPN) was prepared according to Kornberg and Horecker (8). 

L-Xylulose was kindl}'’ furnished b}'- Dr. 0. Touster of '\^anderbilt Uni- 
versity. D-Ribulose was prepared from D-arabinose by the method of 
Glatthaar and Reichstein (9) and D-xylulose by the oxidation of n-arabitol 

1 “Active glycolaldehyde” designates the presumed 2-carbon int 07 -mcdiatc formed 
in the transketolase reaction (5). 
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bj' Acctohactcr suhoxydans (10). L-Erj'thnilose was prepared from erjdh- 
ritol with A. suhoxydans according to Muller, Montigel, and Reicbstein 
( 11 ). 

Spinach transketolase was prepared as pre\’iously described (12). 
Ammonium Sulfate III fraction, diab'zed overnight against 0.1 m sodium 
acetate of pH 7.2, was used. Zioischcnferment was prepared bj-- the method 
of Kornberg (13). Aldolase, nine times recrj^stallized, was prepared 
according to the method of Tajdor et al. (14). Hexosephosphate iso- 
merase was a cmde rabbit muscle fraction obtained as a by-product of the 
aldolase preparation. The fraction precipitated by ammonium sulfate 
between 20 and 50 per cent saturation was stored as a paste at 5° and 
dissolved as needed. Glycerophosphate dehydrogenase was a crude prep- 
aration from rabbit muscle (15). 

Analytical Methods 

Spectrophotometric measurements were made at room temperature with 
a Beckman model DU spectrophotometer in 1.0 cm. cells. Radioactmt 3 ’' 
measurements were made at infinite thinness with a windowless gas flow 
counter. 

Sedoheptulose diphosphate was determined by the orcinol reaction 
(16) as pre%'iously described (12). However, since the presence of high 
concentrations of fructose esters interfered with the determinations, this 
method could not be used to follow accurately the formation of sedo- 
heptulose diphosphate in the incubation mixture, and it was necessary to 
carry out a chromatographic separation before reliable determinations of 
heptulose could be made. 

Inorganic phosphate was determined by the method of Fiske and Sub- 
barow (17). Organic phosphate was converted to inorganic phosphate by 
a wet ashing procedure. 

Fructose 6-phosphate was determined spectrophotometricaUy with 
TPIST, Zwischenferment, and hexosephosphate isomerase (12). Fructose 
diphosphate was also determined spectrophotometricallj’^ with reduced 
diphosphopjTidme nucleotide and gtycerophosphate dehj^drogenase (15). 

Preparation of Sedoheptulose Diphosphate 

Incubation — A mixtine of 1850 pmoles of potassium fructose 6-phosphate 
and 4440 /imoles of potassium fructose diphosphate was adjusted to pH 
7.0 vith 2.0 N potassium hydroxide. No further buffer was needed. The 
reaction was begun by the addition of 61.0 mg. of spinach transketolase 
and 118.0 mg. of rabbit muscle aldolase. The final volume was made up 
to 1.0 hter. For a qualitative measure of the progress of the reaction, 
samples were taken for orcinol assaj-^ (with a 10 minute heating period) 
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and the 580 ni/x/670 ni/z density ratio computed. AVhen this ratio reached 
a constant level, the reaction was assumed to have reached equilibrium. 
In this experiment 90 minutes at room temperature were required. 

Chromatography— The entire incubation mixture (1 liter), without 
deproteuhzation, was placed on a Dowex 1-formate column, 8.2 sq. cm. X 
38 cm,, and washed with 200 ml. of water. The diphosphate ester was 
eluted with a gradient elution technique (18), with a mixing bottle contain- 
ing 2.0 liters of water, and 0.2 m formic acid containing 0.5 m sodium 
formate in the reservoir. Fractions of 50 ml. were collected at the rate of 
3.0 ml. per minute and analyzed for heptulose. Sedoheptulose 7-phosphate 
appeared after 1.5 liters of effluent had passed through the column; sedo- 
heptulose diphosphate after 4.0 liters of effluent. 

Precipitation of Barium Salt — ^The fractions in the sedoheptulose di- 
phosphate peak were pooled and adjusted to approximately pH 5.0 with 
saturated sodium hydroxide. 3.3 ml. of 1 m barium acetate were added, 
and the pH was adjusted to 6.3 Avith saturated barium hydroxide, follow- 
ing wliich 1 volume of absolute ethanol was added. After 30 minutes at 
0° the precipitate was collected by centrifugation, ivashed once vath 50 
ml. of 80 per cent ethanol, and dried m vacuo over KOH. The dried prod- 
uct (585 mg.) contained 72 per cent by weight of barium sedoheptulose 
diphosphate (660 ^nioles) and had less than 2 per cent of hexose diphos- 
phate as an impurity. It contained no inorganic phosphate, and the 
ratio of total phosphate to sedoheptulose was 1.96. 

Preparation of Sedoheptulose Diphosphate~l ,2 

Both sedoheptulose diphosphate and fructose diphosphate are rapidly 
cleaved by crystalline muscle aldolase; in each case one of the products is 
dihydroxyacetone phosphate. It is therefore convenient to introduce 
into positions 1, 2, and 3 of the sedoheptulose diphosphate molecule 
by incubating it with aldolase in the presence of radioactive fructose 
diphosphate. The folloiving experiment with the uniformly labeled com- 
pound illustrates this method. 

Equilibration — solution containing 423 //moles of potassium sedo- 
heptulose diphosphate and 55.0 //moles of potassium fructose diphosphate, 
uniformly labeled (8.1 X 10® c.p.m.^) in a total volume of 43 ml., Avas 
adjusted to pH 7.0 AAuth 2 n potassium hydroxide. The solution Avms 
incubated at room temperature for 90 minutes Avith 7.85 mg. of recrystal- 
lized rabbit muscle aldolase. 

Chromatography — After 90 minutes the reaction mixture aa'us chromato- 

2 It has not been established that all of the radioactivity in the commercial prod- 
uct was associated with fructose diphosphate. Following incubation and chroma- 
tography, only about 60 per cent of the total counts was recovered. 
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graplied as described previouslj’’ a 7.1 sq. cm. X 15.3 cm. Dowex 
l-formate column and a mixing bottle containing 1200 ml. of water. 15 
ml. fractions were collected at the rate of 1 ml. per minute. Radioactive 
sedoheptulose diphosphate appeared after 1.2 liters as determined by the 
orcinol reaction (Fig. 1), The sedoheptulose diphosphate peak was closely 
followed bj' a second radioactive peak containhig fmctose diphosphate. 

Precipitation of Sedoheptulose Diphosphate — Fractions 87 to 104 were 
pooled and adjusted to approximately pH 5.0 with 1.0 ml. of satui’ated 
sodium hj''droxide. 4.5 ml. of 1.0 M barium acetate were added. The pH 



Fig. 1. Separation of sedoheptulose diphosphate and fructose diphosphate by ion 
exchange chromatography. Radioactivity measurements were made with a 0.05 ml. 
aliquot. The first major peak was found to contain sedoheptulose diphosphate as 
determined by the orcinol reaction and the second large peak fructose diphosphate 
as determined by enzymatic assay. 

was then adjusted to 6.5 with 1.0 ml. of saturated barium hj’^droxide, and 
1 volume of absolute ethanol was added. The suspension was kept at 
0° for 30 minutes, centrifuged, and the precipitate was washed vdth 25.0 
ml. of 80 per cent ethanol and dried in vacuo. The yield was 291.0 mg., 
containing 400 pmoles of sedoheptulose diphosphate (87 per cent pure). 
The specific actmty was 4.0 X 10’ c.p.m. per Atmole. 

Precipitation of Fructose Diphosphate — ^Fractions 110 to 123 were pooled 
and adjusted to approximately pH 5.0 with 0.7 ml. of saturated sodium 
hydroxide and treated vfith 4.5 ml. of 1.0 ii barium acetate. The pH was 
then adjusted to 6 3 with 1.8 ml. of saturated barium h 3 "droxide, and 1 
volume of absolute ethanol was added. The suspension was kept at 0° 
for 30 minutes, centrifuged, and the precipitate was washed with 25.0 
ml. of 80 per cent ethanol and diied in vacuo. The jdeld was 57.7 mg. 
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containing 40 pinoles of barium fructose diphosphate with a specific 
activity of 4.0 X 10^ c.p.m. per /iinole. 

TransJcetolase Activity tvilh Erythrose /rPhosphate 

The transketolase assay method empIo3^od in previous work (12) depends 
on the formation of triosc phosphate from pentose phosphate. It is there- 
fore unsuitable for use with compounds which, on cleavage, would not 
yield triose phosphate. The preparation of sedoheptulose diphosphate 



Fig. 2. Ability of transketolase to form “active glycolaldeh 3 ’de” from the non- 
phosphorjdated sugars. Tiie assaj’- sj’-stem contained l.O/xmoIe of potassium sedo- 
heptulose diphosphate, 34 /::moles of triethanolamine buffer of pH 7.5, 9 /imolcs of 
ethylenediaminetetraacetate, 0.7 /imole of TPN, 0.08 mg. of aldolase, 0.06 mg. of 
spinach transketolase (0.72 unit. Ammonium Sulfate IV (12)), 2.6 mg. of he.vosephos- 
phate isomerase, and 7.0 mg. of Zwischenfcrmeni. The sugars were tested at a 
level of 0.4 ^mole. The total volume in the cell was 1.04 ml. 


has made available an alternative assay for this enzjane based on the abil- 
ity of a substrate to form “active gljmolaldehyde.” 

tVlcioltiSG 

Sedoheptulose diphosphate , ‘ -- ,. erythrose 4-phosphatc 

-f- dill j’'dro.v 3 'acct one phosphate 

transketolase 

“Active gl 3 '’coIaldehj’'de” -b er 3 '’throse 4-phosphatc v ■ ■ - ^ 

fructose 6-phosphato 

The rate of fructose 6-phosphate formation tvas followed with an excess 

of the hexosephosphate isomerase-.Zmsc/ien/ennent-TPN system (12) (Fig. 

O'! In this assay system, ribulose 5-phosphate showed maximal activity, 
wliile L-erythrulose was nearly as active. No activity was detected wit i 
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D-xylulose, L-xj'lulose, or D-ribulose. IMien the level of these sugars was 
increased 10-fold, to 4.0 /imoles, there still was no perceptible actmty. 

DISCUSSION 

It has been suggested on the basis of isotope studies (2) that erj'throse 

4- phosphate condenses with “active gl 5 ’'colaldehyde” to form hexose 
monophosphate. ^lore direct e\-idence for such a reaction catalj'zed by 
transketolase is pro^^ded by the obseiA'ation that fructose 6-phosphate is 
cleaved by this enz 3 Tne (3). The formation of erj^hrose 4-phosphate as 
a product of tliis cleavage is now confirmed bj' the isolation of sedhoep- 
tulose 1 ,7-diphosphate. Direct evidence for the reversal of this reaction 
is derived from the series of reactions catalj'zed bj’’ aldolase and trans- 
ketolase, in which sedoheptulose diphosphate gives rise to fructose 6-phos- 
phate in the presence of “active glj'colaldehj’^de” donors such as ribulose 

5- phosphate or eiythrulose. 

The inabilitj' of the non-phosphorjdated sugars, ribulose and xjdulose, 
to ser^’e as “active glj'colaldehyde” donors is rather unexpected, since it 
has been demonstrated (5, 12) that gli-^ceraldehyde will serve as an “ac- 
tive glj^colaldehj'de” acceptor. Apparentlj"- the condensations invohdng 
the non-phosphorjdated aldotrioses are difficult to reverse. A similar 
observation has been made in the case of the condensations catal 3 ’'zed by- 
aldolase (19). 

In the exchange of isotope between fructose diphosphate and sedohep- 
tulose diphosphate, the data are consistent with the complete equilibration 
of the dih 3 ’-drox 3 mcetone phosphate moieties. The isotope present in 
carbon atoms 4, 5, and 6 of fructose diphosphate (50 per cent of the total 
radioacthdty) would not be expected to exchange. On the assumption of 
complete equilibration, the other half of the fructose diphosphate molecule 
(55 /imolesl would be diluted 9-fold b 3 '^ dih 3 ^drox 3 ^acetone phosphate con- 
tributed b 3 ^ sedoheptulose diphosphate (423 jumoles), leaATng 56 per cent 
of the total actmt 3 ’^ in hexose diphosphate, with 44 per cent in the heptu- 
lose ester. Of the radioacth’it 3 ’- recovered from the chromatogram, 55 per 
cent was accounted for as fructose diphosphate and 45 per cent as sedo- 
heptulose diphosphate, when suitable corrections are made for losses dur- 
ing chromatograph 3 ^ 

The suggestion (2) that sedoheptulose diphosphate ma 3 ' function as a 
source of the tetrose ester has received support from the work of Sriniva- 
san ct al. (20), in which e\-idence was obtained for the participation of both 
halves of the molecule in the enz3m-)atic S3mthesis of shikimic acid and 
hence of the benzene ring of the aromatic amino acids. 

Er 3 'throse 4-phosphate has now been s3Tithe3ized b 3 ' Ballou, Fischer, 
and jNIcDonald (21), who have confimied the aldolase-catah-zed con- 
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densation leading to the sedoheptulose diphospliate. These compounds 
have already been shown to participate in a numlier of biological processes 
(22). Their availability by sjmthetic and enzymatic procedures should 
facilitate further studies. 


SUMMARY 

A new enzymatic synthesis of sedoheptulose diphosphate is described, 
with fructose 6-phosphate and fructose diphosphate as substrates. 

By an exchange reaction catal 3 ’'zed bj'- aldolase, radioactivity can be 
transferred from suitably labeled fiuctose diphosphate to any of the first 
3 carbon atoms of sedoheptulose diphosphate. 

Under conditions which were suitable for the cleavage of eiythrulose 
and ribulose 5-phosphate by transketolase, the non-phosphoiylated sugars 
ribulose and xylulose were not attacked. 
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Lampen (1) observed that cell-free extracts of Lactohacillus peniosiis 
gro^^•n on. n-xjdose catalyzed the disappearance of D-xjdose in the presence 
of ATP.* The phosphate esters which accumulated were identified as a 
mixture of n-ribose 5-phosphate and n-ribulose 5-phosphate. Neither 
D-xjdose 5-phosphate nor n-xylulose 5-phosphate was found in the reaction 
nrixture. hlitsuhashi and Lampen (2) also demonstrated the presence of 
xylose isomerase ui these extracts and, on the basis of the fact that n-xylu- 
lose was esterified more rapidly than n-xylose, it was postulated that the 
folloniug reaction sequence takes place. 

ATP 

n-Xylose ^ n-xylulose » xylulose 5-phosphate ^ 

ribulose 5-phosphate ribose 5-phosphate 

Hochster (3) has obtained e^'idence for a similar series of reactions in 
Pseudomonas hydrophila. With extracts of this organism n-xjdose is con- 
verted to a mixture of pentose phosphates, including a phosphate ester of 
xylulose. Slein (4) has obtained extracts of Pasteurella pestis which con- 
tain a xylose isomerase and a xjdulose kinase. 

It is clear from these results (1^) that a mechanism exists for the con- 
version of xylulose 5-phosphate to ribulose 5-phosphate. Since trans- 
ketolase cleaves substrates with either configuration with respect to the 
hydroxyl group at carbon atom 3 (5), this enzjmie might be expected to 
provide such a mechanism. Thus a cleavage of xjdulose 5-phosphate to 
“active glycolaldehyde” and triose phosphate, followed bj' a recondensa- 
tion of these fragments, would be expected to produce both epimeric ketose 
esters. However, Ashwell and Hickman (6) have described an en 2 jTne 

* Postdoctoral Fellow of the United States Public Health Service, 1954-55. 

'The following abbreviations are used: -ADP, adenosine diphosphate; ATP, 
adenosine triphosphate; DPX'*', oxidized diphosphopyridine nucleotide; DPXH, 
reduced diphosphopyridine nucleotide; TPX, triphosphopj-ridine nucleotide; TPXH, 
reduced triphosphopyridine nucleotide; Tris, tris(hydroxvTnethyl)aminomethane; 
Ru-5-P, D-ribuIose 5-phosphate; Xu-5-P, n-xylulose 5-phosphate; PIvPE, phospho- 
ketopentoepimerase; .•tTPase, adenosine triphosphatase; EDTA, ethylenediamine- 
tetraacetate; TCA, trichloroacetic acid; TK, transketolase. 
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preparation from mouse spleen which converts ribose 5-pliosphatc to a mix- 
ture of ril3uloso phos])hate and x3'’]ulosc plios])hatc in the absence of trans- 
ketolase. The 3 '’ suggest the existence of a specific enz 3 une which catal 3 ''zes 
the equilibration between the two pentose phosphates. 

In the presejit communication data arc presented for the occurrence, 
in cell-iree extracts of L, pentosus grown on X 3 dose, of botli a specific xylu- 
lose kinase and a specific epimerase. The latter enz 3 '’me catal 3 ^zes the 
equilibration of D-x 3 dulose 5-phosphate and n-ribulose 5-phosphate and will 
be referred to as phosphoketopentoepimerase (PKPE). The isolation and 
properties of D-x 3 rlulose 5-phosphate are also recorded. This ester is 
cleaved b 3 '’ purified spinach transketolase at the same rate as is ribulose 
5-phosphate. It is thus established that spinach transketolase has no 
specificit 3 f for a particular configuration of the ly'^droxyl group of the 3rd 
carbon atom of the ketopentose.- 

Methods 

Materials — Barium ribulose 5-phosphate was prepared b 3 '^ enz 3 mratic oxi- 
dation of 6-phosphogluconate by 3 ''east 6-phospliogluconic deh 3 ^drogenase 
(7). DPNH was prepared by the method of Ohlmeyer (8). n-Xylose 
(anhydrous) was obtained from Professor W. Z. Hassid of the University 
of California. Lithium phosphoenolpyruvate (91 per cent pure) was sup- 
plied by Mr. William E. Pricer of this Institute. n-Xylulose was prepared 
by the oxidation of n-arabitol by Acetohacter suhoxydans (9). Paper chro- 
matographic analysis of the preparation showed it to be free of n-ribulose 
and D-xylose. Other substrates and cofactors were commercial prepara- 
tions. 

Glycerophosphate deh 3 ^drogenase and hexosephosphate isomerase were 
prepared from rabbit muscle extract by precipitation with ammonium sul- 
fate (10). The fraction which precipitated between 0.2 and 0.5 saturation 
with ammonium sulfate was used as a source of hexosephosphate isomerase, 
and the fraction collected between 0.5 and 0.7 saturation Avas the source of 
glycerophosphate dehydrogenase. Crystalline aldolase Avas prepared ac- 
cording to the method of Taylor et al. (11). Acid phosphatase AA'as puri- 
fied from potato by the method of Kornberg.® P 3 a'UA’’ate kinase and 

2 Recently, highly purified preparations of spinach transketolase have been ob* 
tained Avhich show little activity Avith ribulose 5-phosphate unless a phosphoketo 
pentoepimerase preparation is added. The apparent lack of specificity of the spin 
ach transketolase preparations emploj'ed in the present work may be due to the 
presence of phosphoketopentoepimerase in these preparations. Srere and Racfccr 
(personal communication) have now shown that yeast transketolase is specific for 
X 3 dulose 5-phosphate and other substrates with the trans configuration. The same 
may be true for the spinach enzyme. 

3 Unpublished procedures. 
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lactic dehydrogenase were isolated bj* the method of Kornberg and Pricer 
(12). We arc indebted to Dr. .1. Hunvitz of this Institute for a generous 
supply of spinach phosphoribulokinasc (13). 

Dowex 1, 10 per cent cross-linked, was used in the fomrate form. 
Aiiahjlical il/c//iods— Spectrophotometric measurements were made at 
room temperature with a Beckman model DU spectrophotometer. Pen- 
toses were measured b}' the orc'mol test according to Mejbaum (14), ex- 
cept that heatmg was continued for 40 minutes. 

The per cent of xylulose in a mixture of ribulose and xylulose was de- 
termined by the carbazole method (15) as modified by Ashwell and Hick- 
man (6). The method is based on the fact that color development with 
ribulose in the cj'steine-carbazole reaction is more rapid than with X3-lulose. 
Two readings are taken at 540 m/i in the Coleman junior spectrophotome- 
ter, the first at 15 minutes and the second at 120 minutes. The per cent of 
xjdulose in a mixture maj' then be calculated bj' the increase in absorption 
in the 15 to 120 minute inter\'al, based on the beha\nor of authentic stand- 
ards. 

Inorganic phosphate was estimated bj' the method of Fiske and Sub- 
barow (16). Total organic phosphate was determined b\'’ a wet ashing 
procedure. 

ADP was estimated bj' a modification of the spectrophotometric method 
of Kornberg and Pricer (12). Protein was determined by the turbidi- 
metric method of Bucher (17). 

For the enzjmatic hj^drclj’^sis of pentose phosphates 8 ^imoles of organic 
phosphate, 0.02 ml. of 0.5 m acetate buffer at pH 5.2, 0.01 ml. of 0.1 xr 
cysteine at pH 6.5, 0.01 ml. of 0.1 xi MgCU, and 0.02 ml. of potato phos- 
phatase (17 units) in a total xmlume of 0.56 ml. were incubated for 120 
minutes at 37°. The inorganic phosphate liberated was removed bj^ ad- 
dition of 0.02 ml. of 1 XI barium acetate and 4 x’olumes of ethanol. The 
suspension was centrifuged and the supernatant solution Ijmphilized. The 
residue containing the free pentoses was dissolved in 0.5 ml. of water. 

Chromatographj^ xvas carried out on llTiatman Xo. 1 paper with water- 
saturated phenol bj' a descending method. The chi-omatograms xvere 
spraj'ed xvith TCA-orcinol (18) and heated at 100° for 5 minutes. Sugars 
were identified bj’^ comparison with the Rr x^alues of knoum pentoses and b 3 ^ 
the characteristic gra 3 '-blue color of X34ulose, the red-orange of ribulose, 
and the fluorescent properties of ribulose when xdewed under ultraxiolet 
irradiation. 

Enzyme Assays — ^Two methods xvere emplo 3 ’ed for the assa 3 ^ of x 3 dulose 
kinase. The first, used in preliminar 3 '- observations, depended on the 
disappearance of free pentose as assa 3 "ed b 3 ' the orcinol reaction after the 
phosphate esters had been removed as alcohol-insoluble barium salts. The 
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reaction niixiure contained 4 /iinolcs of ATP, 2 /imolcs of D-xylose, 10 
^molcs of MgCl 2 , 20 /iinolcs of Tris buffer at pH 7.5, and enzyme to a 
total volume of 0.8 ml. Aliquot-s of 0.1 ml. were i’emoved at intervals, 
added to 0.5 ml. of ethanol, and treated with 0.01 ml. of 20 per cent barium 
acetate. The barium .salhs were removed by centrifugation, and the .super- 
natant solution was assayed divccily for total pentose content. This assay 
was emplojmd with crude enzyme extracts containing xjdulose isomerase, 
which permitted the use of D-xylose as a substrate. 

The second method v^as based on the appearance of ADP with D-xjdu- 
lose as the substrate and was emijlojmd when xylose isomerase was absent. 
The spectrophotometric procedure of Koniberg was followed with the in- 
clusion of proper controls for ATPase activity. The assay system con- 
sisted of 0.6 /iinole of phosphoenolp 3 n-uvate, 0.45 /nmole of ATP (Sigma, 
crystalline), 0.5 unit of pju'uvate Mnase, 2 units of lactic dehj'-drogenase, 
8 /nmoles of phosphate buffer at pH 7.5, 1 /nmole of magnesium chloride, 1 
/imole of cysteine at pH 7.5, and 0.24 /nnole of DPNH. The final volume 
was 1.2 ml. Xylulose kinase and 0.3 /nnole of D-xylulose were added rap- 
idly. Xylulose was omitted from one cuvette; measurements of DPNH 
oxidation in this cuvette reflect ATPase activity. 1 unit was defined as the 
amount of enzjnne required for a decrease of optical density of 1.0 per 
minute under the conditions of the test, corrected for ATPase activity. 
ATPase units were similarly defined. Specific acti'\uty is represented by 
the number of units per mg. of protein. 

Spinach transketolase was assajmd by the method of Horecker et al. (5). 

Purification of Xylulose Kinase 

Preparation of Cell-Free Extracts — L. pentosus strain 124-2 (ATCC 8041) 
was grown oia a xylose-enriched medium from a culture provided by Pro- 
fessor H. A. Barker of the University of California. The culture medium 
contained 0.4 per cent Difeo yeast extract, 1 per cent Difeo nutrient 
broth, 1 per cent sodium acetate, 1 per cent D-xylose, 0.1 per cent glu- 
cose, 0.02 per cent MgS 04 - 7 H 20 , 0.001 per cent NaCl, 0.001 per cent 
FeS 04 - 7 H 20 , and 0.001 per cent MnS 04 - 4 H 20 . D-X 3 dose was autoclaved 
separately as a 10 per cent solution and then added asepticalty to a steri- 
lized medium. Incubations were for 24 hours at 37°. The cells Avere 
harvested at 2° Avith a Sharpies supercentrifuge, AAmshed AAoth 0.02 M 
NaHCOg, and stored at -16° as a thick paste. The frozen paste could 
be stored indefinitely Avith little loss in kinase activity. The yield AA'as 
approximately 1.2 gm. per liter of medium. A suspension of 10 gm. of 
cells (Avet AA''eight) in 20 ml. of 0.01 ar NaHCOa Avas exposed to a 9 kc. Ray- 
theon sonic oscillator for 1 hour. Cell-free extracts were obtained by 
centrifuging the treated cells for 1 hour at 13,000 X ff in the International 
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refrigerated centrifuge. The amber-colored e.xtract (Table I) was stored 
at 0° for several months with little loss in kinase activity'. It contains 
xylulose isomerasc, phosphoriboisomerase, ATPase, xyhdose kinase, trans- 
kctolase, and phospliokctopentoepimerase. 

Manganese Slep — The cell-free extract was treated nith 0.05 volume of 
1 M IMnCl;, kept for 30 minutes at 4°, and centiifuged at 13,000 X g for 
5 minutes. The precipitate containing nucleoprotein and most of the 
ATPase actmty was discarded. 

Calcium Phosphate Gel Step — ^To the clear supernatant solution were 
added 3 volumes of calcium phosphate gel (19) (17.9 mg., dn,- weight, per 
ml.). The suspension was centiifuged at 0° and washed once nith 3 vol- 
umes of water, after which inactive proteins were eluted nith 20 ml. of 


Table I 

Purification of Xylulose Kinase 


Step 

I 

Total 

volume 

Units 
per mL* 

Specific 
acti\ it)"* 

0\ er-all 
per cent 
rccoverv 

Crude extract 

ml 

20 

1 

I 

! (21)t 

i 

; (0.24) 


Mn supernatant solution 

20 

1 21 

! 0.9S 


Calcium phosphate gel eluate 

20 

! 16 

! 5.09 

80 

1st (NHdiSO* ppt. 

5 

1 

1 5.0 

32 

Heat treatment and (XHOjSOi ppt. . 

5 

21 

i 16.0 

1 

25 


* As defined in the te.xt. 
t Estimated as a minimal value. 


0.05 M potassium phosphate buffer, pH 7.7. (Trials should be conducted 
at this elution step with phosphate buffer solution of vaning concentra- 
tion, since occasionally the kinase is eluted with more dilute buffer.) The 
first eluate was discarded and the enzjone eluted from the gel with 20 ml. 
of 0.1 M phosphate buffer at pH 7.7. 

First iNHi)2S0i Step — ^To the eluate (20 ml.) at 0° were added 30 ml. of 
saturated (at room temperature) ammonium sulfate solution, and the pre- 
cipitate was discarded. 4.7 gm. of ammonium sulfate were added to the 
supernatant solution, and the precipitate was dissolved in water to a final 
volume of 5 ml. 

Acid-Heat Step and Ammonium Sulfate Step — ^The solution was adjusted 
to pH 5.4 by the addition of 0.5 m KH 2PO4. It was then warmed to 53° 
in 2 minutes and maintained at this temperature for 5 minutes. Higher 
temperatures produced considerable loss of actmt3x The heated solution 
was cooled to 4° and treated nith 2.5 volumes of cold saturated ammonium 
sulfate. The heavy precipitate was discarded, and 1.9 gm. of ammonium 












758 


lldhE OF XYLULOSE S-PIIOSPIIATE 


sulfate were added to the .supernatant .solution. The precipitate was col- 
lected, dissolved in 5 nil. of water, and stored at 0°. This preparation 
contains 21 units of kinase, 1 unit of ATPasc, 0.15 unit of transketolase per 
nil. of enz3une, and PKPE activity. 

Properties of Xylulose Kinase — The purified preparations wore stored at 
0° for several months v'ith little lo.s.s in activit3L On e.xposure to 53° for 5 
minutes, the following losses were ob.servod: at pH 8, 66 per cent; pH 
7.0, 60 per cent; pPI 6.2, 50 per cent; pll 5.7, 30 per cent; and pH 5.4, 
26 per cent. At 55°, pH 5.4, losses ivcre much greater, and at 60° all ac- 
tivit3'' disappeared. 

L-X3dulose, D-ribuIose, L-er3’’thrulose, D-x3’'lose, and n-ribose are inert as 
substrates. Since the enz3''me is specific for D-x3dulose, it can be employed 
for the spectrophotometric determination of small concentrations of n-xylii- 
lose in the presence of other sugars. 

The pH optimum lies on a rather broad plateau between pH 7.0 and 7.9. 

The enzyme is actii^ated b3'- a number of dii’-alent cations. At a final 
concentration of 0.005 m, the following quantities of ADP (in micromoles) 
were formed in 5 minutes at 25°: Mg++, 0.17; Mn++, 0.16; Fe++, 0.19; and 
Zn++', 0.17. Without addition of metal 0.08 /umole of ADP was found. 
The reaction mixture in these experiments contained 0.3 /xniole of xylulose, 
0.4 yumole of ATP, and 0.01 mg. of X3dulose kinase in 0.68 ml. of 0.1 m Tris 
buffer, pH 7.5. Sulfh3'’dr3d compounds did not increase the rate. 

Preparation and Properties of v>-Xyhdose 5'Phosphate 

When the purified Idnase preparations were incubated with n-xylulose 
and ATP, a mixture of x3dulose phosphate and ribulose phosphate resulted, 
indicating the presence of PKPE. The mixture of xylulose phosphate and 
ribulose phosphate was separated from other reaction products by ion 
exchange chromatography, but these two components could not be sepa- 
rated from each other. In order to obtain the X3dulose ester free of ribu- 
lose phosphate, the mixture of the two esters was further incubated with 
an excess of ATP and phosphoribulokinase (13), which converts Ru-5-P 
to the diphosphate ester. From this final mixture Xu-5-P is readily iso- 
lated by ion exchange chromatograph3^ 

The initial reaction mixture contained 8 mg. of xylulose kinase (105 
units), 450 jumoles of n-xylulose, 480 ^moles of ATP, 100 amoles of C3'’steine, 
in 15 ml. of 0.05 m NaHCOs, containing 0.01 M MgClo. The gas phase 
was 95 per cent nitrogen and 5 per cent carbon dioxide; the temperature, 
37°. The reaction was followed manometrically in the Warburg apparatus 
until the evolution of carbon dioxide ceased, indicating the completion of 
the phosphorylation reaction. The reaction mixture was cooled to 4° and 
placed on a 12 cm. X 2.5 sq. cm. Dowex 1-formate column, washed with 
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25 ml. of water, and eluted by gi-adient elution uith 200 ml. of water in 
the mixing cliami)er and 0.4 x formic acid containing 0.1 M sodium fonnate 
in the reservoir. The volume of each fraction collected was 10 ml. The 
fractions containing the phosphate esters (Fi'actions 32 to 42) were adjusted 
to pH 6.2 with S ml. of 0.6 x barium hydroxide and 25 ml. of 2 x KOH 
and precipitated with 4 volumes of ethanol. The precipitate was kept at 
0° for 30 minutes, collected by centrifugation, washed with 10 ml. of 70 
per cent ethanol, and dried in vacuo. The 3 -ield based on organic phosphate 
was 390 /imoles of ester phosphate, containing approximate!}' 175 /rnioles 
of D-xylulose o-phosphate. 

The barium salts were dissolved in 5 ml. of 0.05 x acetic acid, 0.8 ml. of 
0.57 .Ar NaoSOi was added, and the barium sulfate removed bj' centrifuga- 
tion. The phosphate esters were then incubated with 20 ml. of 0.05 xr 
NaHCOs containing 0.01 m MgClo, 100 ^imoles of C 3 'steme, 250 amoles of 
ATP, and 0.03 ml. of phosphoribulokinase (120 units, 0.48 mg. of protein). 
The chromatographic procedure used in separating the mixed esters was 
the same as that emplo 3 ’ed above. The fractions containing X 3 'lulose 
o-phosphate (Fractions 30 to 34) were pooled and adjusted to pH 6.2 with 
6 ml. of 0.6 X barium h 3 'droxide and 13 ml. of 2 x KOH and precipitated 
with 4 volumes of ethanol. The precipitate was collected b}' centrifuga- 
tion, washed with ethanol, and dried in vacuo. The 3 ield based on organic 
phosphate w'as 167 ^iraoles. 

The ketopentose moiet}' was characterized as follows: The barium salt 
was converted to the sodium salt with sodium sulfate and 6 /jmoles were 
h 3 'drol 3 ’^zed with potato phosphatase as described in “hlethods.” The de- 
phosphor 3 iated product was assa 3 'ed directl}" b}' emplo 3 ing (a) x 3 iulose 
kinase and the ADP spectrophotometric assa}' S 3 'stem, and (6) the C 3 'steme- 
carbazole reaction as modified b}' Ashwell and Hickman (6) for estimating 
the per cent of X 3 dulose in the dephosphor 3 iated reaction mketure. Ac- 
cording to the former method x 3 iulose accounted for 82 per cent of the 
organic phosphate, while the colorimetric assa}' showed 96 per cent of the 
ketopentose to be .X 3 iulose. (c) Paper chromatograph}' as described in 
“Methods” revealed onl}' one component in the dephosphoi^'lated product, 
having the same Rf as authentic x 3 dulose and giving the characteristic 
gra 3 '-blue color when spra 3 'ed with the TCA-orcinol reagent, (d) A com- 
parison of the absorption spectra given b}' authentic .x3iulo3e and the de- 
phosphor 3 iated product in the orcinol reaction is shown in Fig. 1. The 
curves obtained with x 3 dulose and the product of dephosphor 3 'lation were 
ver}' similar, but quite different from that given b}' ribulose. For xxiulose 
5-phosphate the absorption at 540 m^j was considerabl}' depressed. The 
extinction coefficient at 670 mp was somewhat higher than that of free 
X 3 iulose. (e) As indicated prexiousl}', the rate of color development in 
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the cjsteizie-cai’bazoJe reaction is characteristic for xylulose, which re- 
quires more than an liour for full development and differentiates it from 
ribulose, which is complctelj’’ converted in less than 10 minutes. The 
dephosphorylated product behaves quantitatively like xjdulose in this test 
(Fig. 2). 

Periodate oxidation of the phosphate ester gave somewhat low results, 
only 67 per cent of the theoretical quantity of periodate being consumed. 



WAVELENGTH ( m^) 

Fig. 1. Absorption spectra in the orcinol reaction. Xylulose 5-phosphate was 
the chromatographed reaction product. E.xperimental .xjdulose was the same sub- 
stance after enz 3 TOatic dephosphorjdation. 

Activity of Xylulose S-Phosphate with Transketolase — Since transketolase 
catalyzes the transfer of “active glycolaldehyde” from a number of ketol 
compounds to suitable acceptors, it tvas of interest to compare the reac- 
tivity of D-xylulose 5-phosphate and n-ribulose 5-phosphate, which differ 
only in the position of the h 3 ’’droxyl group on the 3rd carbon atom. 

Several assay systems were employed to test the reactivity of these sub- 
strates. The first may be described by the accompanying equations. 

X 3 dulose 5-phosphate ^ “active gl 3 'co]aldeh 3 'de” + tri ose phosphate 

'■ — ■ ' • ~ — “*V* ■ — 

11 

Sedoheptulose 7-phosphate rnTr [ribulose 5-phosphate 

^ - — j 'll jsomerase 

triose phosphate [ribose 5-phosphatc 
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With the formation of triose phosphate as a measure of substrate activity, 
it vras found that xylulose 5-phosphate was a good substrate for trans- 



Fig. 2 Rate of color development in the cysteine-carbazole reaction. O repre- 
sents an authentic sample of xylulose; X, the dephosphorylated product of keto- 
pentose phosphate prepared by the cnzjTnatic phosphor} lation of vj-lulose; ■, 
authentic sample of ribulose. 


Table II 

Pentose Phosphates .4s Substrates for Transhetolase 


Substrate 

Tno^e phosphate formed per 10 rain 


/lO o/e X 10 ^ 

Ribose 5-phosphate 

3.1 

Ribulose 5-phosphate 

3.4 

X}lulose 5-phosphate 

1.9 


The assay s}stem contained 0 5 ;imoIe of pentose phosphate, 0 01 ml. of DPXH, 
1 mg of glycerophosphate dehydrogenase, 0 9 ml. of 0 01 m gl} c} I glycine-cysteine 
buffer at pH 7 5, 3 units of spinach transketolase (contains phosphoriboisomerase), 
and 1 /^mole of IMgCl- The oxidation of DPXH was measured at 340 in a 1 ml. 
cuvette. The temperature was 25°. 

ketolase (Table II). To confirm these findings, the reaction mixture was 
dephosphorjiated, chromatographed on paper, and spra 5 'ed with the TCA- 
orcinol reagent. In the complete system the formation of triose phosphate 
was accompanied bj’- the appearance of a large spot having the character- 
istic light blue color of heptuloses and the same Rr as sedoheptnlose. Xo 
heptulose spot could be detected in the control with boiled transketolase. 




762 


n6LE OF XYLULOSE 5-PIIOSPIIATE 


In the second sj^stein cmpIo 3 ''ed, transketolasc activity was measured in 
the following manner. 

^ . , . . _ _ . . nldolaso 

oedohoptulose l,7-diphospha<c n — ■ ^ 


<o«ro.sc 4-phosphale triose + phosphate 

TK 

X 3 ']ulose 5-pliosphatc " “active gh'colaldeli^'dc” + triose phosphate 

TK 

“Active gfvcolaldclo’de’’ + Icii'osc phosphate -■ ■- fructose 6-pliosphate 
aldolaso 

2 triose phosphate - — " ■' fructose diphosphate 


Sedoheptulose 1,7-diphospIiatc + .\j’lulose 5-phosphate 

fructose diphosphate -f fructose 6-phosphate 

Hexose monophosphate fonnation Avas folloAA’^ed by the reduction of TPN to 
TPNH in the presence of glucose 6-phosphate dehydrogenase and glucose 
phosphate isomerase (Fig. 3). The rate of reaction Avith .xylulose phosphate 
AA^as someAA'hat greater than AA'ith ribulose phosphate, although the reac- 
tion stopped at about 63 per cent of the e.xpected completion. 

Evidence for Phosphoketopentoepimerase 

Crude extracts of L. peniosits Avere found to contam high transketolase 
actiAdty, and it Avas postulated that the transformation of xylulose 5-phos- 
phate to ribulose 5-phosphate AA^as due to the presence of this enzj^me. It 
Avas therefore assumed that inactivation of transketolase Avould permit 
xylulose 5-phosphate to accumulate. Accordingly'-, an experiment was car- 
ried out Avith a crude extract AA^hich had been heated at 55° for 5 minutes 
at pH 7.7. This treatment resulted in a 77 per cent loss in kinase actiAoty 
and a complete loss in transketolase actiAdty. In this experiment n-xylu- 
lose and ATP gaA'-e rise to a mixture of pentose phosphates, AAdiich AA'as de- 
phosphorylated AAdth potato phosphatase and analyzed by the cysteine- 
carbazole reaction and by paper chromatography. The results always in- 
dicated a 45:55 mixture of xylulose 5-phosphate and ribulose 5-phosphate. 

A more detailed study showed that a neAv enzyme, phosphoketopento- 
epimerase, AA^as present AA’hich catalyzed the epimerization reaction. The 
preparation and properties of PKPE aauU noAV be considered. 

Preparation — 5 ml. of crude bacterial extract AA'ere treated AA'ith 0.05 x'oi- 
ume of 1 M MnCh as described preAdously. The suspension Avas centri- 
fuged, and the clear supernatant solution AA-as heated at 65° for 5 minutes 
and then fractionated Avith ammonium sulfate. 2 ml. of saturated am- 
monium sulfate AA’ere added, and the precipitate Avas discarded; 4.5 ml. of 
saturated ammonium sulfate Avere then added to the supernatant solution, 
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Fig. 3. The utilization of xylulose phosphate and ribuloso phosphate by trans- 
ketolase. The complete system contains 1 ^imole of sedoheptulose diphosphate, 
32 /xmoles of triethylaminc at pTI 7.5, 8 /inioles of EDTA, 0.16 jjmole of TPN, 0.12 
mg. of aldolase, 1 unit of spinach Ir.ansketolasc, 1.1 mg. of muscle phosphohexoiso- 
merase preparation, 0.2 mg. of Zrchchcnfcrmcnl, 0.5 fimole of magnesium chloride, 
and 0.091 fimolc of xylulose phosphate or 0.067 ^tmole of ribulose phosphate. See 
the text for a description of the reaction sequence. 


T-vble III 

Equilibration of Xylulose 3-Phosphate and Ribulose 5-Phosphate Catalyzed 
by Phosphoketopentoepimerase 


Conditions 

Substrate 

Xylulose formed 

No enzyme 

Ribulose S-phosphate 

per cent 

0 

Boiled enzyme 

ti 

0 

EnzjTne ' 

1 

<C 

49 

i 

enzyme 

Xylulose 5-phosphate ^ 

94 

Boiled enzyme 

<< ' 

97 

Enzyme 

ft ' 

43 


0.05 ml. of PKPE (0.9 mg. of protein per ml.), 0.11 /imole of xylulose 5-phosphate 
or 0.1 fimole of ribulose 5-phosphate, 0.1 ml. of 0.1 m Tris buffer at pH 7.5. Incuba- 
tion time 20 minutes at 37°. At the end of the incubation, 0.02 ml. of 0.5 m acetate 
buffer at pH 5.2 was added. The mixture was heated to 100° for 5 minutes, cooled, 
and 0.01 ml. of potato phosphatase (10 units) was added. The sj'stem was incubated 
for 60 minutes at 37° and then tested directly ndth the cysteine-carbazole reagents. 
See “Methods” for additional details. 
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and the precipitate containing PIvPE was collected and dissolved in 1 ml. 
of water. Since in some cases ATPasc activity was still detectable, the 
final fraction was heated to 70° for 5 minutes. Although no attempt is 
made here to define the activity of PKPE in quantitative terms, the experi- 
ments to be described permit a partial characterization of the enzyme. 



0 5 10 15 20 40 

TIME IN MINUTES 

Fig. 4. Rate of conversion of ribulose phosphate to xylulose phosphate by PKPh. 
0.05 ml. of PKPE (0.9 mg. per ml.), 0.25 //mole of ribulose phosphate, 10 //moles of 
Tris buffer at pH 7.5, and HaO to a final volume of 0.4 ml. The temperature was 37 . 
For further details of analj'sis see the legend to Table III. 

Properties — With either ribulose 5-phosphate or xylulose 5-phosphate as 
substrate, an equilibrium mixture of both esters is rapidly attained (Table 
III). 

Xylulose 5-phosphate ribulose 5-phosphate 

The equilibrium value for the ratio of ribulose 5-phosphate to xylulose 
5-phosphate was approximately 1.20. Under the experimental conditions, 
with ribulose 5-phosphate as substrate the reaction had reached equilibrium 
in 20 minutes and was more than 60 per cent complete in 5 minutes (Fig. 
4). The products of the reaction have been dephosphorylated and sub- 
jected to paper chromatography. In the experiment with ribulose 5-phos- 
phate and boiled PKPE, no xylulose spot was present; noth active PKPE, 
a strong xylulose spot was observed. No heptulose spot was detected 
The enzyme does not appear to require metal ions for activity. It was no 
inhibited by EDTA (final concentration 10~- ai), nor was it affected t ic 
addition of sulfliydrjd compounds such as cysteine or glutathione. i m- 
lose 1 ,5-diphosphate did not serve as a substrate. 
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Fig. 5. Rate of DPNH oxidation as a function of the epimerization of xylulose 
phosphate to ribulose phosphate by PKPE. The complete system (1.5 ml., 25°) 
contained 0.45 Mioole of ATP (Sigma, crystalline), 2 pmoles of cysteine at pH 7.5, 
2 /imoles of magnesium chloride, 6 ^imoles of phosphate buffer at pH 7.5, 0.6 .umole of 
phbsphoenolpyruvate (PEP), 0.5 unit of pyruvate kinase, 2 units of lactic dehydro- 
genase, 0.24 ^mole of DPNH, 0.065 Mmole of xjdulose 5-phosphate, 20 units of phos- 
phoribulokinase, and 0.05 ml. of PKPE (0.9 mg. per ml.). Control reaction mixtures 
are indicated in the figure. 


The epimerization can. be studied spectrophotometrically with the aid of 
phosphoribulokinase and the ADP assay sj’^stem. 


Xylulose 5-phosphate 


PKPE 


ribulose 5-phosphate 


Ribulose 5-phosphate ; ; — ~ — r--: >■ ribulose 1,5-diphosphate -h ADP 

phosphoribulokinase 

ADP -h phosphoenolpj'ruvate — > ATP -p pyruvate 
Pyruvate -p DPNH -p H^ — > lactate -p DPN~ 


As indicated in Fig. 5, no oxidation of DPNH occurred in the absence of 
PIH*E, phosphoenolpyruvate, or phosphoribulokinase. In the presence of 
the ribulose 5-phosphate trapping system, all of the xjdulose 5-phosphate 
is utilized. No transketolase activitj'^ could be detected in the PIH’E 
system by the usual assay procedures. 


DISCUSSION 

With the identification of xylulose kinase and PlkPE in extracts of L. 
peniosiis, it is now possible to formulate a sequence of reactions leading 
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from xylose to ribose 5-pliosphate. A (xylose isomerase) lias been found 
in L. peniosus (2), in P. hydrophila (3), and recentl}" in P. pestis (4). B 


ribose 5 -pliosphato 



- scdoheptulose 
7 -phosphate + 
triose phosphate 


rihulose 5 -phosphatc 


Xylose xylulose 


ATP 

^ 

B 



xylulose 5 -phosphate D 

\\ 

Z>\\ 


(C2 -f triose phosphate) 


(xylulose kinase) has been described in some detail in this paper. The 
enzyme is highly specific and catalyzes the phosphoiylation of r»-xylulose 
by ATP to jdeld xylulose 5-phosphate. This ester participates in at least 
two reactions. It can lie converted to ribulose 5-phosphate by the rela- 
tively stable enz 3 '-me PKPE (C). This enz 3 '-me not onl 3 '' occurs in ex- 
tracts of L. pentosiis, but has also been found in spleen extracts (6) and in 


CH20H 

1 

' CH2OH ■ 
! 

CHiOH 

1 

1 

0=0 

1 

COH 

li 

1 

C =0 

1 

IIOCH 

II 

COH 

1 

1 

HCOH 

1 

1 

HCOH 

1 

1 

! HCOH 

j 

1 

t HCOH 

1 

1 

CHsOPOs- 

1 

CH.OPOj-, 

1 

CH2OPO3" 

■Xylulose 5-phosphate 


D-Ribulose 5 -phosphate 


CHjOH 

1 

HCOH 

I 

0=0 

I 

PICOH 


CH2OPO,- 

S-Ketopontose phosphate 
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muscle fractious.-' The mechauism of epimerizatiou is as j'et unknown. 
However, on the basis of evidence for a 3-ketopentose phosphate in their 
reaction products, Ashwell and Hickman (6) have postulated the sequence 
represented in the accompanjing diagram. With the L. pentosus PICPE 
preparations no evidence for the 3-keto sugar is available. 

An additional possibilitj’^ for epimerization is the observ^ation that xylu- 
lose 5-phosphate serves as a substrate for transketolase (D). As yet the 
experimental conditions have not been found for the accumulation of 
ribulose 5-phosphate from a reaction invoking xviulose 5-phosphate and 
transketolase. With the purified spinach preparations sufficient phos- 
phoriboisomerase is present to produce ribose 5-phosphate, which seiwes 
as an acceptor in the transketolase reaction. Thus, the formation of sedo- 
heptulose 7-phosphate is alwaj's observed, whether the initial substrate is 
x 3 dulose 5-phosphate or ribulose 5-phosphate. 

In xjdose-adapted L. pentosus cells these reactions are inv'oWed in the 
utilization of xjdose (1, 2). It is of interest that thej-- are also present in 
mammalian cells. This circumstance suggests that the xjdulose ester maj’’ 
plaj' a wider role in carbohydrate metabolism than was hitherto suspected. 

strxnLVRT 

Xjdulose kinase has been isolated from xjdose-adapted Lactobacillus 
pentosus cells and has been purified some 50-fold. Of the several sub- 
strates tested, only n-xjdulose is reactive. The enzj-me is metal-activated. 

The kinase was emploj’ed for the preparation of D-xjdulose 5-phosphate. 
Xjdulose 5-phosphate participates as substrate with two enzjones: (a) 
transketolase, which together with phosphoriboisomerase converts xjdulose 
5-phosphate to heptulose 7-phosphate, and (6) a newlj’- described enzjune, 
phosphoketopentoepimerase, which catalj'zes the epimerization of xjdulose 
5-phosphate to ribulose 5-phosphate. 
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It was observed by Benson (1) that a compound with the properties of 
ribulose diphosphate is among the early products of photosjmthesis. The 
importance of this compound in the CO> fixation process was indicated b\’ 
the kinetic studies of Calviii and his coworkers (2, 3) and strong!}' sup- 
ported bj- the finding that algal extracts would fix CO> in the absence of 
light when RuDP^ was added (4). Independent!}', Weissbach ct al. (5) 
obsen'ed that a soluble ex-tract of spinach lear'es was capable of foiming 
carboxyl-labeled PGA from C'^Oj in the presence of R-5-P. Fractionation 
of the spinach extracts has }ielded an enz}'me system which forms RuDP 
from R-5-P and ATP (6). In the present communication it will be dem- 
onstrated that the formation of RuDP is due to two enz}Tnes which cata- 
lyze the follon-ing reactions: 


( 2 ) 


phosphoriboisomerase _ 

R.g.p — V- ' Ru-5-P 


Ru-5-P + ATP 




The first of these enz}'mes, phosphoriboisomerase, has been reported in 
yeast preparations (7) and purified from alfalfa (8). Both this enz}'ine 
and phosphoribuloldnase have now been purified from spinach leaf ex- 
tracts. 


Methods 

The follo'vs'ing substances were obtained from commercial sources; 
cr}'staUine ATP (Sigma Chemical Company and Pabst Laboratories), 

* Fellow in Cancer Research of the American Cancer Society. 

t Fellow of The National Foundation for Infantile Paralysis. 

> The following abbrewations are used: RuDP, ribulose 1,5-diphosphate; R-o-P, 
ribose S-phosphate; Ru-5-P, ribulose 5-phosphate; ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; DPN, diphosphopj-ridine nucleotide; DPNH, dihydro- 
diphosphopj'ridine nucleotide; TPN, triphosphopyridine nucleotide; PG.A, 3-phos- 
phoglyceric acid; S-7-P, sedoheptulose 7-phosphate; Tris, tris(hydrosj-methyl)- 
aminomethane; EDTA, ethylenediaminetetraacetic acid; UTP, uridine triphosphate; 
CTP, cj-tidine triphosphate; GTP, guanosine triphosphate; ITP, inosine triphos- 
phate; GSH, glutathione; TEA, triethanolamine; P, phosphate. 
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ADP, TPN (SO per cent jjure), inicl Itcxokiiiatic (Sigma Chemical Com- 
pan}^, and R-5-P (Sclnvarz Lal)ora(oiic.s). S-7-P was prepared as pre- 
vioiisl}’- dcs(:i-il)ed (9); ]i)PN ^\•a.s propai’cd h.y the method of Kornberg 
and Priecr (10), and DPNH by the inctliod of Olilmcyer (11). Phos- 
pliocnolpyruvatc was a generous gift of W. E. Pricer, Jr., of this Institute. 
5-Phosphoribonie acid was prepared from R-o-P 1)3" bromine oxidation 
( 12 ). 

Two preparations of Ru-o-P were used during the course of this work. 
One preparation was obtained b^' the cnz 3 mialic o.xidation of 6-phospho- 
gluconate as prcviousl 3 ^ described (13). The product had a specific 
rotation of [q:]d° — 29.G° (c 2.83 in 0.2 n HCl)- and was contaminated with 
small amounts of R-5-P and 6-pho,sphogluconate. On a weight basis the 
product was 70 per cent pui'c. 

The second iDrcjmration was dcri\'ed from R-5-P b 3 ^ treatment with 
purified spinach phosphoriboisomcrase. At 00°, the equilibrium mixture 
contained about 55 per cent of the total pentose phosphate as Ru-5-P, as 
measured with the modification of the c 3 'steine-carbazole method (14). 
After incubation at this temperature, residual R-o-P was oxidized with 
bromine at pH 5.0, and the products were separated b 3 " chromatography 
on a Dowex 1 Cl~ column. Ru-5-P Avas eluted with 0.02 n HCl. Large 
losses AA'ere sustained during the bromine oxidation, and the over-all 3 deld 
based on R-5-P was onl 3 ’' 16 per cent. On a weight basis, the purity Avas 
25 per cent. On paper chromatograph 3 '^ folloAving h 3 ’'drol 3 ’’sis of the product 
AAuth potato phosphatase^ the onl 3 '' sugar detected Avas ribulose. 

Pentose Avas measured b 3 '' the method of Mejbaum (15) AAuth a 40 min- 
ute heating period. Phosphate AA^as determined b 3 ^ the method of Fiske 
and SubbaroAV (16). Lactic deh 3 ^drogenase Avas prepared according to 
Kornberg and Pricer (17). The final preparation contained 2500 units 
per ml. PhosphoenolpyruAuc kinase Avas purified from rabbit muscle by 
the method of Kornberg and Pricer (17) through the calcium phosphate 
step. The preparation at this stage contained 81.3 units per ml., AA'ith a 
specific activity of 24.3 units per mg. ADP AA^as determined as described 
b 3 ’- these authors (17); ATP AA^as measured in the hexokmase-Zioischenfer- 
ment assay (18). 

Phos-phorihoisom erase 

Assay — The procedui-e empIo 3 '-ed AA'as a modification of that of Axelrod 
and Jang (8). The reaction mixture, containing 2 lunoles of R-5-P, 30 

2 The rotation measurements are based on pentose determinations by the orcinol 
method, compared to a standard arabinose solution and uncorrected for the relative > 

low values given b}' ketopentoses. 

3 Prepared by an unpublished procedure of Dr. A. Kornberg. 
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fimoles of Tris buffer, pH 7.1, 1 /iuiole of cj'stcine, and suitable dilutions of 
enzyme (diluted mth 0.1 m Tris buffer, pH 7.1) in a total volume of O.S 
ml., was incubated at 38° for 10 minutes. Ru-5-P was determined in the 
cysteine-carbazole test. A unit of enzyme was defined as the amoiuit 
which catal 3 'zes the formation of 1 pmole of Eu-5-P under the conditions 
described above. Protein was determined b\' the phenol method as 
described b}' Sutherland ct al. (19). 

Purification — ^The isomerase was purified from spinach leaves, which 
Axelrod ct al. (20) have shown to contain high concentrations of this en- 
zyme. 475 gra. of spinach leaves were homogenized for 3 minutes in a 
large Waring blendor with 1900 ml. of HaO. The entire homogenate 
(2000 ml.) was brought to 0.4 saturation with (NH4);50 a (462 gm.) and 
centrifuged for 15 minutes in an Litemational PR-2 centrifuge. The 
cloudj' supernatant solution was filtered through Sclileicher and Schuell 
No. 588 fluted filter paper (Table I, “crude extract”). The filtrate (1900 
ml.) was brought to 0.7 saturation with (NH 4 ):S 04 (346 gm.), centrifuged, 
and the precipitate dissolved in water to give a total volume of 310 ml. 
(“.Anmonium Sulfate I”). The green solution was heated to 60° b}' im- 
mersion in a 90° bath. As soon as the solution reached 60° (about 1.5 
minutes), it was transferred to a 60° bath, kept at this temperature for 
10 minutes, and then rapidlj' cooled in an ice-water mixtui-e. The coagu- 
lated protein was removed bj" centrifugation (Seiwall SS-1 for 25 minutes) 
and washed nith 20 ml. of water. The supernatant solution and washing 
were combined (“heated solution”) and dialyzed for 48 hours against 
cold, flondng distilled water, and the heavA' precipitate which formed was 
discarded. The straw-colored supernatant solution (400 ml., “dialj’^sate”) 
was brought to 0.5 saturation A\-ith (NH 4 ) 2 S 04 (116 gm.), centrifuged, and 
the precipitate discarded. The supernatant solution (500 ml.) was 
brought to 0.9 saturation (133 gm, of (NH 4 );S 04 ) and the precipitate 
dissolved in water (“Ammonium Sulfate II”). A summarj' of the purifi- 
cation procedure appears in Table I. The apparent increase in total 
activitj' maj^ be due to removal of enzAunes catah'zing competing reac- 
tions, particular!}^ those which utilize Ru-5-P. 

The final preparation was free of transketolase and phosphoribulokmase. 
It Avas moderately stable in the frozen state, losing appro.ximately 50 
per cent of its actiA'ity in 1 month at —10°. The equilibrium mi-xtAire 
formed at 38° in the presence of the enz}Tne contained 70 per cent of R-5-P 
and 30 per cent of Ru-5-P,^ in excellent agreement Avith the result obtained 
A\-ith the yeast and alfalfa isomerases (7, 8). 

* R-5-P disappearance was determined directly as well as Ru-S-P formation. The 
authors are indebted to Dr. G. .4shwell for the R-o-P analyses. 
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Phosph oribu loJ: inase 

Assay — For routine enzyme assa}', T?-5-P ^va.s the substrate and an 
excess of phosphoriboisomerasc Avas added. Under these conditions, the 
rate of reaction could be followed bj’’ the apiiearance of alkali-labile phos- 
phate, since both phosphate groups of PuDP are alkali-labile, and R-5-P, 
ATP, and ADP do not yield inorganic phospliate. The assay mixture 
contained 8 Atiuoles of R-o-P, 10 A'Hioles of ATP, 10 pinoles of MgCb, 2 
gmoles of cj^stoinc, 40 /iinoles of TEA buffer, pH 8.3, 50 units of phos- 
phoriboisomerasc, and the enzyme preparation to be assayed in a total 
volume of 1 ml. The reaction Avas carried out at 38° for 10 minutes and 
stopped by heating in a boiling AA'ater bath for 1.5 minutes. An aliquot 
Avas transferred to 1 n NaOPI, incubated at room temperature for 20 min- 


Table I 

Purification of Phosphoriboisomerasc 


Fraction 

Total volume 

Total units,* X 10"' 

Specific activity 


ml. 


units per ms- 

Crude extract 

1900 

1.16 

47 

Ammonium Sulfate I 

310 

0.95 

124 

Heated 

329 

2.55 

1730 

Diab^sate 

400 

2.4 

2400 

Ammonium Sulfate II 

41.5 

1.6 

3000 


* Micromoles of Ru-5-P formed in 10 minutes. 


utes, and inorganic P determined. In order to correct for the formation 
of Ru-5-P, AAdiich yields approximately 50 per cent of its phosphate as 
inorganic phosphate under these conditions, a control AA^as run Avith phos- 
phoriboisomerase alone, and the alkali-labile phosphate formed Avas sub- 
tracted from the test Amines. 

An alternatiAm assay inAmlAmd the determination of ADP AA'ith phos- 
phoenolpyruAuc kinase and lactic dehydrogenase (17). P 3 n'UAdc acid 
formed from phosphoenolpyruAmte in this s^mtem AAms determined spec- 
trophotometrically AAuth DPNH. No reaction occurred in the absence 
of ADP. Controls AAmre run in order to correct for ATPase actiAo'ty, 
AA'hich AAms relatively Ioaa^ in these spinach extracts. The reaction velocity 
AA'as proportional to enzyme concentration AAuth either assaj'- (Fig. 1). 

In the course of purification, tAAm procedures Avere employed for protein 
determination. The Bucher procedure (21) Avas used for rapid protein 
determinations. HoAvever, to insure accurate estimation of protein con- 
centration AAuth highly colored protein solutions, the method of Sntherlaiu 

et al. AAms used (19). 
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Purificalion — Spinach leaves from a local market were washed with 
cold tap water and the stems discarded. An acetone powder was pre- 
pared by three extractions wth acetone (pre^do^sly cooled to —20°). 
The first extraction was carried out with 3 volumes of acetone in a Waring 
blend or for 3 minutes. For the subsequent extractions 1 volume of ace- 
tone was used. Each suspension was filtered rapidh- on a large Buchner 


z 



MICROGRAMS OF PROTEIN 

Fig. 1. Effect of enzjTne concentration on reaction rate. For the spectrophoto- 
metric assay (A) the reaction mixture contained 0.5 ^imole of Ru-o-P, 3 jimoles of 
ATP, 50 /imoles of potassium phosphate buffer, pH 7.9, 2;imoIes of cysteine, 5 pmoles 
of hlg^, 0.6 pmole of phosphoenolpjTU-rate, 2.1 units of lactic dehydrogenase, 0.5 
unit of phosphopyruvic kinase, 0.06 ;<mole of DPyH, and varjing amounts of phos- 
phoribulokinase. The total volume was 1.5 ml. and the light path 1.0 cm. For the 
alkali-labile P assa 3 ' (B) the reaction mi.xture contained S ^moles of R-o-P, 10 ^moles 
of ATP, 10 /imoles of iMg^, 6 i<moles of cj-steine, 40 ^nmoles of TE.-V, pH S.3, 50 units 
of isomerase, and kinase in a total volume of 1.0 ml. The mi.xture was incubated 10 
minutes at 38°j the reaction was stopped by heating at 100° for 1,5 minutes. An ali- 
quot was removed, made 1 x with NaOH, neutralized after 20 minutes, and inorganic 
P determined. 

funnel. The light green powder which remained was stored in a des- 
iccator under vacuum. 

50 gm. of acetone powder were e.xtracted for 10 minutes with gentle 
stirring with 1800 ml. of 2 X 10"’ m TEA buffer, pH 8.5. The mixture 
was centrifuged and the supernatant solution decanted through glass wool 
(Table II, “Cnide extract,” 1340 ml.). The e.xtract was treated with 260 
gm. of ammonium sulfate and the precipitate discarded. Ammonium 
sulfate (310 gm.) was added to the supernatant solution (1420 ml.) and 
the precipitate collected and dissolved in 150 ml. of 2 X 10"^ m TEA 
buffer, pH 8.3. The protein content was determined bi' the Bficher 
turbidimetric procedure and the solution diluted with water to a protein 
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(‘onteni of 5 mg. per ml. (“Ammonium SiiJfafc I/’ 1224 ml.). This solu- 
tion was usually aboul o per (‘ent saturated with respect to ammonium 
sulfate (determined with a Barnstead purity meter). Solid ammonium 
sulfate (217 gm.) was added to give 0.40 saturation. Following centrifuga- 
tion, the supernatant solution (1270 ml.) was brought to 0.55 per cent 
saturation by tlie addition of 113 gm. of (NH 4 )oS 04 . The precipitate 
was dissolved in 100 ml. of 2 X 10“^ m triethanolamine buffer, pH 8.5 
(“Ammonium vSulfatc II,” 113 ml.). Water was added to bring the pro- 
tein content to 14 mg. per ml., and an equal volume of 0.1 m sodium ace- 
tate, pH 7.0, was added. 210 ml. of acetone, cooled to —20°, Avere added 
slowly while the solution was cooled in a —8° bath. The hea^-y precipi- 
tate which formed was removed by centrifugation at —10°. The super- 
natant solution (4GS ml.) Avas treated AA'ith acetone (212 ml.) and centri- 


T.^ble II 

Purification of Phosphoribulokinase 


Fraction 

Total units* 

Specific activity 

Crude extract 

31,000 

units per mS- 

6.2 

Ammonium Sulfate I 

42,000 

20 

“ “ II 

43,000 

62 

Acetone 

40,000 

300 

Ammonium Sulfate III 

40,000 

310 


* A unit is defined as (hat amount of enzyme which forms 1 /xmole of alkali-labile 
P in 10 minutes at 3S° under the test conditions specified in the text. 


fuged as before. The precipitate was extracted AA’ith 125 ml. of 0.1 M 
Tris buffer, pH 7.7, and the residue discarded (“Acetone,” 136 ml.). To 
concentrate the enzyme, the acetone fraction was treated AAuth 59.5 gm. 
of ammonium sulfate and the precipitate collected and dissohmd in 10 ml. 
of 0.1 M Tris buffer, pH 7.7 (“Ammonium Sulfate III,” 14 ml.). 

The final phosphoribulokinase preparation Avas stable in the frozen state 
at —10°, but lost activity on repeated freezing and thaAwng. It AA'as found 
to contain 300 units of phosphoriboisomerase and 0.4 unit of transketolase 
(9) per ml. Neither CO 2 fixation nor RuDP phosphatase actiA’-itj'^® could 
be detected. 

Properties of Phosphoribulokinase 

Effect of pH — The phosphorylation reaction proceeds at maximal velocity 
at pH 7.9 (Fig. 2). Above or beloAV this pH the rate of the reaction de- 
clined sharply. 

6 We are indebted to Dr. Howard H. Hiatt for this determination. 




HTjmVITZ, "WEISSBACH, HORECKER, AXD SMA'RXIOTIS 


775 


Pentose Phosphate Specificity — The purified kiuase preparations utilized 
R-5-P very slowly unless phosphoriboisomerase was added (Fig. 3). This 
was in contrast to the behavior toward Ru-5-P, which was rapidlj' esterified 
in the absence of the isomerase. Under the conditions of these experi- 



Fig. 2. pH optinnim of phosphoribulokinase. The reaction mixture contained 40 
nmoles of buffer, 1.5 nmoles of Ru-5-P, 3 nmoles of ATP, 5 nmoles of MgCb, 1 nmole 
of EDTA, and 0.43 unit of enzjTne, specific activity 170, in a total volume of 1.0 ml. 
After 10 minutes at 38° the reaction was stopped by heating in a boiling water bath 
for 3 minutes. Aliquots (0.1 ml.) were assayed for ADP, as described in the legend 
to Fig. 1, except that Ru-5-P and ATP were omitted. The sjanbols represent acetate 
(O), phosphate (•), Tris (□), and TEA (■) buffers. 



0 2 4 6 8 10 

MINUTES 


Fig. 3. Substrate specificity of phosphoribulokinase. The additions were as de- 
scribed in Fig. 1, except that 0.36 y of protein, specific activity 440, was used. 



776 


SPINACH PIIOSPIIOninULOKINASE 


menls, wi<h Ku-5-P as the suhsfralc, preincubation with isomerase re- 
sulted in a decrease in tlic reaction rate, since the concentration of sub- 
strate was reduced to sulioptimal levels. At higher levels of protein the 
presence of traces of isomerase in the kinase preparation became evident 
and ultimatel}'’, when the iirotein concentration was increased 20-fold over 
that emplojTd in Fig. 3, the rale of reaction with R-5-P became equal to 
that with Ru-5-P, 

Further e^’idence against an initial phosphoiyJation of R-5-P was ob- 
tained with ribose 1,5-diphosphate.® This substance was not converted 


(A) Ru-5-P CONCENTRATION (S)XIO'’ 



(0)^X 10“'’ 

Fig. 4. Effect of Ru-5-P concentration. The spectrophotometric method de- 
scribed in the legend to Fig. 1, A was employed, e.xcept that 0.6 t of kinase, specific 
activit 3 ^ 170, was used and 2 /imoles of EDTA were added instead of cj'steine. 

to RuDP by either the kinase or isomerase preparations and thus failed 
to meet the requirements for an intermediate in the formation of RuDP 
from R-5-P. As would be expected, the presence of a free aldehyde 
group in the 1 position appears to be necessary for isomerase activity. 

No other substrates have been found to replace Ru-5-P as the phosphate 
acceptor. Neither fructose 6-phosphate nor sedoheptulose 7-phosphate 
was esterified. n-XyluIose 5-phosphate’^ was inactive with the kinase 
preparations. The absence of hexoldnase was indicated by the failure to 
observe ADP formation vith glucose as the substrate. 

® Ribose 1,5-diphosphate was a generous gift of Mr. H. Klenow of the Umversite- 
tets Institut for Cytofysiologi, University of Copenhagen, Denmark. 

7 Kindly furnished by Dr. P. K. Stumpf. 
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IMaximal activity was reached Blth Ru-S-P concentrations of about 
3.7 X 10-^ and the Lineweaver-Burk plot (22) (Fig. 4) j-ielded a K. 
value of 2.2 X 10“^ m. This relatively high affinity of the enz 3 Tne for its 
substrate permits the utilization of this reaction for the quantitative de- 
termination of Ru-5-P, although it is not completely specific, since, with 
the relatively large quantities of enzjune preparation required, R-o-P 
also reacts. The Ru-5-P preparations obtained bj' the action of isom- 
erase on R-5-P were found to react as rapidly as those obtained bj’- the 
oxidation of 6-phosphogluconate. 

Nucleolide Svccificity—Ol a number of nucleotides tested, only ATP 
showed significant actmtj^ with phosphoribulokinase (Table III). How- 
ever, this result is not unequivocal, since the reaction rates maj’- be limited 
bj’- the abihty of the nucleoside diphosphate products to act as acceptors 


Table III 

Nitcleolide Specificity for Phosphoribulokinase 


Ncdeotide 

Quantity added 

Activity, A 1>M in 10 min.* 

ATP 

1 ttmoUs 

1 

2 

0.470 

ITP 

2 

0.019 

UTP 

1 

0.013 

CTP 

1 

0.004 

GTP 

1 

0.006 


* The assay conditions are the same as those in Fig. 1, A, -svith 0.5 pmole of Ru- 
5-P as substrate. IJTP, CTP, GTP, and ITP vrere kindly supplied bj' Dr. L. A. 
Heppel of this Institute. 


V 

in the phosphoenolpjTur^ate assaj"- sj’-stem.® On the other hand, since the 
actmtj’^ obser\’ed was onlj’- slightlj’’ greater than the blank value, it can 
tentativelj'- be concluded that they^ are inactive in ribulose diphosphate 
formation. The inability of ADP to act as a phosphate donor was estab- 
lished bj" means of the manometric assay (23), which depends on acid 
formation and can be emplo 3 'ed uith either form of the nucleotide. 

Maximal activity was reached when the ATP concentration was about 
7 X M and the K, value, calculated from the Lineweaver-Burk plot 
(Fig. 5), was 2.8 X 10~* Ji. 

Metal Activation — ^The requirement for a divalent metal was e\’ident 
even with the crude extract, and with purified preparations no actmty 
could be demonstrated in the absence of the metal activator. IMg^, 
which was the most effective ion tested, showed maximal actint 3 ^ at 
5 X 10~^ M (Fig. 6). A number of ions including Mn^, Ca'f-^-, Co'^, and 
Cd++ replaced Mg”-, although these were considerably less effective. 

' Unpublished observations of Dr. L. A. Heppel and Dr. J. Strominger. 
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(A) ATP CONCENTRATION {S)XlO^ 
2.5 5 7.5 10 12.5 



(O)^ X I0~^ 

Fig. 5. Effect of ATP concentration. The assay conditions were as in Fig. 4, with 
0.9 7 of phosphoribulokinase. 


(A) CONCENTRATION (S)XIO^ 



Fig. 6. Effect of Mg+''' concentration. The reaction mi.xture contained 1 pmole of 
Ru-5-P, 3 Aiinoles of ATP, 40 /nnoles of Tris buffer, pH 7.9, 2 /jnioles of GSII, 3 7 of 
phosphoribulokinase, specific activity 170, varying amounts of Mg'l"*', and lEO to give 
a volume of 1 ml. Aliquots were assaj’-ed for ADP as described in Fig. 1, A. 
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The requirement, for in the phosphopynivic kinase assay for ADP 

made it necessarj' to carrj’ out these determinations in two steps; the 

Table IV 


Metal Activation of Phosphoribulohinase 


Metal 

CoQcentnition 

ADP formed 

No metal 

mole per L 

fimole 

0 

Mg 

5 X 10-5 

0.252 

Mn 

5 X 10-5 

0.203 

Ca 

5 X 10-5 

0.162 

Co 

5 X 10-5 

0.048 

Cd 

5 X 10-5 

0.024 

Zn 

5 X 10-5 

0 

Ni 

5 X 10-5 

0 

Ba 

5 X 10-5 

0 


The incubation mixture contained 1.5 pmoles of Itu-5-P, 3 /imoles of ATP, 40 
nmoles of KPO« buffer, pH 7.9, 1 nuiole of EDTA, 1.5 y of protein, specific activity 
170, metal salt added as chlorides or sulfates, and water to give a total volume of 
1 ml. The reaction mixture was incubated at 38° for 10 minutes and the reaction 
stopped by heating for 3 minutes at 100°. An aliquot was removed and assayed for 
ADP formation (see Fig. 1, A). 



EDTA OR GLUTATHIONE ( M X 10^ ) 

Fig. 7. Effect of GSH and EDTA. The assa 3 ' conditions were as described in 
Fig. 1, A, with 0.9 y of phosphoribulohinase, specific acti%dty 170, in the case of 
GSH activation and 0.6 y of kinase, specific activity 170, in the case of EDTA addi- 
tion. 


experimental procedure is indicated in Table IV. It was necessary to 
add EDTA in these experiments, since no activity was observed in its 
absence (see belowV 
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Achvahon and Inhibition — 'J'wo linos of ovidonco suggcslcd that phos- 
phoribidokinasc is a sidfhj'dryl cnz 3 Hno. Frcsli preparations were ac- 
tivated by tlie addition of EDTA or sulfh.ydiyl compounds. In the ab- 


Table V 

Inhibition Stvdics with Phosphoribvlohinase 


Inhibitor 

Concentration 

.Activ.Ttor used 

ADun in 
10 min. 

Inhibition 


ntnir per /. 



per cent 

Cu»-+ ' 


Gsn 

0.294 



5 X lO-s 

It 

0.191 

35 


1 X 10-^ 

it 

0.069 

il 


1 X 10-^ 

it 

0.001 

100 

Hg++ * 


EDTA 

0.248 



2 X 10-8 

ti 

0.165 

33 


5 X 10-8 

it 

0.071 

64 


5 X 10-7 

1 

0.000 

100 


1 X 10-8 

it 

' 0.000 

100 



C3’steine 

0.310 



1 X 10-' 

li 

0.343 

0 


1 X 10-8 

i( 

0.321 

0 

p-Chloroniercuribenzoatef 


EDTA 

0.350 



1.5 X 10-7 

i( 

0.0S2 

Tt 


3.6 X 10-7 

(( 

0.044 



7.0 X 10-8 

ti 

0.000 




C3"steine 

0.370 



7.0 X 10-8 


0.345 

0 


* 0.01 ml. of cupric or mercuric acetate solution, O.OS ml. of 0.1 m Tris buffer, pH 
7.9, and 0.01 ml. of phosplioribulokinase (300 7 , specific activity 179) were incubated 
together for 10 minutes at 0°. After this period, 0.02 ml. was removed and assaj^ed 
spectrophotometricall 3 ^ for kinase activity as described previously. 2 /jmoles of 
activator were added. A control was incubated with the same additions except that 
water was used in place of metal salt. 

t The spectrophotometric assa 3 ’- was emplo 3 ’^ed. The complete S 3 ’stem was in- 
cubated at 25° before addition of Ru-5-P to start the enz 3 miatic reaction. C 3 'steine, 
when present, was added just before Ru-5-P. 

sence of activator the final preparation showed little or no activitj" 
(Fig. 7). Following prolonged storage at —16°, the enzyme was no longer 
activated by EDTA, although cj^steine would restore the activity to its 
original level. This result suggests that the early activation is due to 
removal of metal inhibitors, while in the aged enz^nne SH groups have 
become oxidized. 

Further evidence for enzymatic SH groups is given by the sensitivity 
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to heavy metals and p-chloromereuribenzoate (Table In these ex- 
periments the ADP-phosphoenolpymvate assay was emploj'ed, and it was 
established that the inhibition (at the concentration of inhibitor em- 
ployed) was not due to an effect on either phosphopymvic kinase or lac- 
tic dehydrogenase. Hg^ showed substantial inhibition at levels of 10“® 
M, even in the presence of 2 X m EDTA. The inhibition by Hg^ and 
by p-chloromercuribenzoate was completely reversed by cj’^steine. l^ffiile 
this result may be simply due to removal of the inhibitor, when taken 
together with the reactivation studies, it is in accord with the hypothesis 
that SH groups are essential for the activity of the enz 3 Tne. 

T.vble VI 


Stoichiometry of Phosphoribulohinase Reaction 



Experiment 1 

Experiment 2 


fitnoUs 

fimoles 

Ru-5-P added . . ... 

4.00 

2.00 

ATP disappearance 

3.97 

2.18 

ADP formation 

3.44 

2.09 

Alkali-labile P formed 

8.15 

3.94 


The incubation mixture contained 6.5 /imoles of ATP, 40 ^moles of Tris buffer, 
pH 7.9, 5 fimoles of Mg^, 2 ^imoles of cysteine, 40 units of kinase, specific activity 
310, in a total volume of 1.0 ml. After incubation at room temperature for 30 min- 
utes, the pH of the solution was adjusted to 5 0 wth 1 n HCI, and the tubes were 
heated for 1.5 minutes at 100°. Aliquots were removed and assaj'ed for ATP and 
ADP as described previously. Another aliquot w as made 1 n with respect to XaOH, 
incubated for 25 minutes at room temperature, and the inorganic phosphate de- 
termined. 

A small but reproducible inhibition was obtained with 5-phosphoribonic 
acid. Concentrations of 6.6 and 1.33 X 10“^ 5-phosphoribonic acid 
caused 33 and 15 per cent inhibition, ^espectivel 3 ^ E.-5-P did not inhibit 
the esterification of Ru-5-P. 

Stoichiomelry of Reaction 

In the presence of an excess of ATP and relativeb^ large amounts of 
phosphoribulokinase, Ilu-5-P was complete^ converted to RuDP; an 
equivalent quantit 3 ’ of ATP was consumed, with the concomitant forma- 
tion of an equal amount of ADP (Table VI). The absence of Ilu-5-P in 
the final incubation mixture was confirmed b 3 ^ ion exchange chromatog- 
raphy.'-* This balance is in accord with Eejuation 2. In the succeeding 

’ This evpeiiment w.is carried out by Dr. P. K. Stumpf. 
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paper (24) evidence will be presented for the stoicliiometric formation of 
RuDP based on its conversion to 2 moles of phosphoglyceric acid. 

DISCUSSION 

The presence of a very active phosphoribulokinase in spinach leaves is 
in accord with the important role of RuDP in photos 3 mthesis (2, 3, 25). 
The crude extract prepared from 1 gm. of leaf tissue will catalj’^ze the 
formation of approximateb’ 5 ^moles of RuDP from Ru-5-P per minute, 
while the phosphoriboisomerase activit}’- corresponds to about 200 /inioles 
of pentose phosphate per minute. 

With the aid of these two enz.vme preparations, RuDP can now be 
prepared in substantial amounts. The isolation procedure and proof of 
stnicture of the product are reported in the following paper (24). 

Both phosphoribulokinase and phosphoriboisomerase exhibit high spe- 
cificity with respect to substrates. Neither will react with xylulose 5- 
phosphate, fructose G-phosphate, or S-7-P. In the case of the former 
enzyme, the data also indicate that other nucleotides will not substitute 
for ATP. 


SUMMARY 

Ribulose diphosphate is formed from ribose 5-phosphate hy the action 
of ATP and two enz^mies, phosphoriboisomerase and phosphoribulokinase. 
These enzymes have been separated and purified from spinach extracts. 

The new enzj'-me, phosphoribulokinase, is specific for ribulose S-phos- 
phate and ATP. It is activated bj'^ divalent metal ions, particularly 
Mg^, and is inhibited hy sulfhA'^dryl-binding agents. 

In the presence of excess ATP, ribulose 5-phosphate is completely 
utilized, and equivalent quantities of ADP and ribulose diphosphate are 
formed. 
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THE ENZY^IATIC SYNTHESIS AND PROPERTIES OF 
RIBULOSE 1,5-DIPHOSPHATE 


Bt B. L. HORECKER, JERARD HURWITZ,* and ARTHUR 
WEISSBACHt 

(From the National Institute of Arthritis and .Metabolic Diseases, National 
Jnsliliiics of Health, United Stales Public Health Service, 

Beihesda, Maryland) 

(Received for publication, June 10, 1955) 

In the preceding paper (1) the role of rihulose diphosphate^ in photo- 
synthetic CO 2 fixation has been retnewed and evidence presented for the 
participation of the follov’ing reactions in its formation: 

, „ phosphoriboisomerase 

(1) R-5-P ^ ^ ^ Ru-5-P 

(a R.-5.P + ATP - Ph..p j. . rib .l.to ^ ^ 

These enzjTiratic reactions have been utilized for the preparation of RuDP. 
In the present paper the isolation procedure and proof of structure of 
RuDP are described, together with some of the properties of this com- 
pound. The availability of substrate quantities of RuDP has permitted 
a direct study of its reaction ndth CO 2 and the purification of the carboxjd- 
ation enzyme.- This work \\i\\ be reported in a pubhcation to foUow. 
With purified preparations from spinach, the reaction 

(3) RuDP + CO 2 - enzyme ^ 

can be employed for the determination of RuDP. 

Methods 

Unless otherwise specified, the methods and materials employed were 
as described in the preceding paper. 

Ribose 5-phosphate, uniformly labeled with C**, was obtained from the 
Schwarz Laboratories. IMj'okinase was prepared bj- the procedure of 
Colowck and Kalckar (3) through the ammonium sulfate stage. Perio- 

* Fellow in Cancer Research of the American Cancer Society, 
t Fellow of The National Foundation for Infantile Paralysis. 

'The following abbrertations are used: RuDP, ribulose diphosphate- Ru-5-P 
ribulose 5-phosphate; R-5-P, ribose 5-phosphate; ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; PGA, 3-phosphoglycerate. 

' Cahdn et al. (2) have suggested the name “carboxy dismut ase” for this enzj-me; 
in rtew of its importance in CO- fixation the name “carboxylation enzj-me” is'pre- 
ferred. 
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dak' coiisuniption was nK'a.sui’cd speed roplioioniolrically a1 205 mfi. This 
wave-length was employed rather than the maxinmm at, 222 niju (4), in 
order to permit the nse of higher concent rations of reactants, which 
greatly increased the I'ate of the reaction. Formaldeh 3 ’^de was determined 
the method of MacFad.yen (o). (llj'cerol was emplo.yed as the standard 
for both measurements; in the chromotropic acid test the absorption at 
570 m^ was in agreement with the value given bv MacFadyen for equiva- 
lent quantities of formaldeh^'de. 

Two preparations of phosphoribulokinasc were employed for the sjm- 
thesis of RuDP. For the later runs the purified enz 3 'me (1) was emplo 3 "ed 
in conjunction with purified phosphoriboisomerase. For the earlier 
chromatographic procedures (6), a less purified enz 3 une preparation 
which contained both isomerase and kinase was found to be satisfactoiy. 
For this preparation 60 gm. of .spinach leaves were blended at 0° for 3 
minutes with 240 ml. of water. The suspension was filtered through 
Schleicher and Schuell No. 588 filter paper. The filtrate was brought 
to pH 7.0 with 2 n ammonium h3’^droxide and centrifuged at high speed 
(International PR-1, 12,000 X g). The clear supernatant solution (200 
ml.) was treated with 51.6 gm. of ammonium sulfate, centrifuged, and the 
precipitate discarded. The supernatant solution was treated with 35.6 
gm. of ammonium sulfate and the precipitate collected and dissolved in 
20 ml. of 0.05 M phosphate buffer, pH 7.4. This solution was refraction- 
ated with ammonium sulfate as follows. The ammonium sulfate content, 
tested with a conductivit 3 ’' meter, was found to be 0.14 saturated. 25 
ml. of solution were treated with 3.88 gm. of ammonium sulfate and 
centrifuged. The supernatant solution (23 ml.) was treated with 1.2 
gm. of ammonium sulfate and the precipitate collected and dissolved in 
5 ml. of 0.05 M phosphate buffer, pH 7.4. 5.0 ml. of this solution (200 
mg. of protein) were diluted with 100 ml. of water, and the enz 3 mie was 
adsorbed with 20 ml. of calcium phosphate gel (7) containing 14 mg. 


per ml. (dry weight at 105°). The gel Avas collected by centrifugation 
an(i the enzyme eluted with 20 ml. of 0.15 M pyrophosphate buffer, pH 
7.6. To concentrate the activit 3 '-, it was precipitated Avith 7.6 gm. of 
ammonium sulfate and dissoh^ed in 2 ml. of 0.05 M phosphate buffer, pH 
7.4. For this preparation the manometric assay method of ColoAvick and 
Kalckar (3) AA’^as employed. The main chamber contained 50 jumoles of 
sodium bicarbonate, 10 /mmoles of MgCb, 20 juinoles of R-5-P, 0.1 /nnole of 
glutathione, in a total Amlume of 1.5 ml., and the side arm contained 4 
pinoles of ATP in 0.1 ml. The gas phase AA'as 5 per cent CO 2 in No. The 
temperature AA^as 34°. When this preparation is emplo 3 ^ed, it is designated 
as “crude phosphoribulokinase” and the units represent micromoles of CO 2 
produced in 10 minutes. In all other instances the purified preparations 

(1) AA^ere used. 
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Prcparalion of RuDP 

Chrojnatographic Method— In the earlier preparation'^ RuD? was pre- 
pared by a large scale adaptation of the manomctric assay procedure de- 
scribed in the preceding section (Fig. 1). The solution was placed directly 
on the Dowex 1 (Cl~) column and eluted with an HCI-KCl mixture, with 
gradient elution. In the chromatogram shown in Fig. 1, RuDP appeared 



Fig. 1. Chromatographic preparation of RuDP. In this experiment the forma- 
tion of RuDP from R-5-P and .\TP was followed manometrically. The reaction 
mixture contained 2S00 pmolcs of R-o-P, 1120 fjmoles of ATP, 15 pmoles of eth 3 denedi- 
aminetetraacetic acid, 1170 ;imoles of MgCl; in 16S ml. of 0 05 ii NaHCOj buffer, pH 
7.4. The gas phase was 5 per cent CO; in Ni. To initiate the reaction, 7 ml of crude 
phosphoribulokinase (450 units, specific activit j' 3.5) w ere tipped in from the side arm. 
After 30 minutes at 34°, 1000 ;<moles of acid were produced. The reaction mixture 
w as placed on a Dowex 1 (Cl“) column (7 cm. X 23 cm , 10 per cent cross-linked) and 
washed with 100 ml. of water. For the gradient elution the mixing chamber con- 
tained 1 liter of water and the reserx'oir 0 2 xt KCl in 0 015 xi HCl Elution was at a 
rate of 2 ml. per minute, and the x'olume of each fraction w as 22 5 ml. ADP was cal- 
culated from the optical densitj' at 260 m/j; RuDP w as estimated from the absorption 
at 670 mil in the orcinol reaction 

immediatelj' after ADP, although in smaller scale runs, with a relatively 
larger mixing chamber, better separation was obtained. Fractions 115 to 
141 w'ere pooled, concentrated to one-third the original x'olume, and ad- 
justed to pH 6.3 with XaOH, RuDP was precipitated with 3 ml. of satu- 
rated barium acetate, followed by 3 x’olumes of ethanol. The precipitate 
was collected by centrifugation, washed with 80 per cent ethanol, and dried 
in vacno over ISaOH and P0O5 The drx* product xveighed 450 mg. It 
was essentiall5’’ free of Ru-5-P, R-5-P, and inorganic phosphate and con- 
tamed only traces of adenme nucleotides. On the basis of organic phos- 
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phatc, it was 77 per cent pure; however, it contained very little inorganic 
phosphate (less lhan 3 per cent), and EuDP accounted for all of the organic 
phosphate. The analytical data arc summarized in Table 1. 

Charcoal i\[ethod — For routine large scale preparations it was found more 
convenient, to convert Il-5-P complctelj'^ to PuDP with an excess of ATP 
and remove I’esidual nucleotides by treatment with charcoal. The prog- 
ress of the reaction was followed bj'' the quantit}'’ of NaOH required to 
neutralize the acid produced (Fig. 2). When there was no further produc- 
tion of acid, the reaction was stopped bj’^ the addition of 0.1 volume of 50 
per cent trichloroacetic acid and the nucleotides removed b}'’ adsorption on 
charcoal as described by Crane and Lipmann (8). In the experiment 


Table I 

Analysis of Ribvlose Diphosphale Preparations 


Analysis 

CliromatORraphed 


Charcoal preparation No. 


Preparation A'l 

IX 

X 

XI 

XII 


nmoles* 

nmoles* 

nmoles* 

nmoles* 

nmoles' 

Organic P 

266 

232 

229 

258 

280 

Inorganic P 

9 

105 

83 

76 

52 

Ribulose (orcinol) 

127 

114 

111 

119 

115 

^ . organic P 

Ratio, , 

ribulose 

2.09 

2.03 

2.06 

2.17 

2.43 

Purity, t % 

74 

67 

65 

69 

67 


* Calculated for 100 mg. of Ba salt (mol. wt. 583). 
f Based on the ribulose content. 


shown in Fig. 2, 30 gm. of acid-washed Norit A were added and the mix- 
ture centrifuged. The charcoal Avas Avashed three times AAoth 100 ml. 
Amlumes of Avater, and the combined supernatant solution and Avashings 
AA^ere adjusted to pH 6.5 AAuth 2.1 ml. of saturated NaOH and 15 ml. of 
saturated BafOHjs. RuDP AAms precipitated by the addition of an equal 
Amlume of ethanol and the precipitate Avashed AAuth 80 per cent ethanol and 
dried in vacuo. The dry product AA^eighed 540 mg. It aa'us free of R-5-P, 
ADP, and ATP, but contained appreciable quantities of inorganic phos- 
phate (Table I). Preparations obtained by this method AA'ere 00 to 70 per 
cent pure; hoAA’eAmr, the bulk of the impurity (15 to 30 per cent) consisted 
of barium phosphate. 

The quantities of ATP and charcoal reciuired in this procedure could be 
reduced to half by the use of myokinase. In a single preparation carried 
out AA'ith this addition, a product 50 per cent pure AA'as obtained. 

Conversion to PGA — An independent assay of the RuDP preparation 
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\v;\s provided by its couvci'sion to PGA in the presence of purified prepara- 
tions of the eari)oxylation enzyme (Talile II). PG.V was determined spec- 
trophotometriealiy after conversion to •phosphocnolpynivate. The de- 




MINUTES 

Fig. 2. Alkali consumption in the fonnation of RuDP. The reaction mixture con- 
tained 1000 fimoles of R-5-P, 1130 Aimoles of ATP, 2 mg. of phosphopentoisomerase 
(5000 units), 9.0 mg. of phosphoribuloldnase (3850 units), 0.01 M MgCU, and 0.001 m 
cj’steine, in a total volume of 105 ml. The pH was maintained at 7.9 by the addition 
of 1 X NaOH, indicated in the figure as micromoles of alkali. 


Table II 

RuDP Assay with Carboxylafion Enzyme 
Incubation was for 15 minutes at 25° in 0.51 ml. of 0.05 M KaHCOj saturated with 
5 per cent COi in Hi, containing 0.01 jiMgCb, and an e.xcess (0.05 mg.) of carbo.xyla- 
tion enzjTne. The reaction mixture was acidified with 0.03 ml. of 1 x HCl heated 
at 100° for 1 minute and cooled. An aliquot (0.03 ml.) was removed and analyzed 
for PG.A. 


Assay 

pmoles 

PGA formed 

0.377 

RuDP added* 

0.196 

PGA: RuDP 

1.93 



* Orcinol assay. 


tails be reported in a forthcoming publication. In this experiment the 
expected quantity of PGA was formed from RuDP, co nfirmin g the esti- 
mates of purity based on the orcinol and organic phosphorus assays. 

One of these enzymatic RuDP preparations has been found hy Calvin 
and his coworkers^ to be converted to PGA nith their algal extracts and to 

’ Personal communication. 
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correspond with RuDP isolated 1 \y chroinatographj’^ from photosynthesiz- 
ing plants (9). 


Stmclvre of Bibitlose Diphosphate 

Identification of Rihxdosc — In previous studies, a preliminaiy identifica- 
tion of the sugar as ribulose was based on its behavior in paper chromatog- 
raph}’' (6) and color reactions. In the orcinol reaction the product, either 
before or after dephosphoiylation, gave an absorption spectium identical 

Table III 

Rihulosc o-Nitrophenylhi/drazones 

300 mg. of barium RuDP (Preparation X, 354 ^moles) were dissolved in 2 ml. of 
0.75 N HCl. The barium was removed with 500 mg. of drj' Dowex 50 (H+). The 
combined supernatant solution and resin washings, containing 29S/imoles of pentose, 
were adjusted to pH 5 and diluted to 10 ml. The solution was treated with 2500 
units of potato phosphatase and incubated at 25° for 70 minutes, during which time 
595 /nmoles of inorganic P were formed. The solution was deionized with a mixed 
bed column of Duolite A-4 (free base) and IR-120 (H+) (25 ml. of each). The efflu- 
ent, containing 270 /nmoles of pentose, was lyophilized and the residue dissolved in 
boiling ethanol. The solution was concentrated to 2 ml. and the o-nitrophen}'!- 
hj’-drazone prepared according to Glatthaar and Reichstein (10). The j'ield was 45 
mg. (158 ^moles, 57 per cent). 


Derivative 

AI.p.* 

Specific rotation, 


'C. 

degrees 

(1) From RuDP 

163-164 

-52 

(2) Authentic n-ribulose 

164-165 

-53 

(3) “ L-ribulose 

164-165 

+52 

(1) and (2) mixed 

163-164 



* Determined with the Fisher-Johns hot stage apparatus, 
f c = 0.31 in methanol. 


vdth that produced by authentic ribulose (10), having maxima at 540 and 
670 m/u. The ratio D&io'.D^io in this test varied from 0.71 to 0.97, com- 
pared to a ratio of 0.80 to 0.90 for authentic ribulose. The intensity of the 
absorption maximum at 670 my was 50 per cent of that given bj’’ the aldo- 
pentoses (11). In the cysteine-carbazole test the rate of color develop- 
ment Avas characteristic ; the absorption maximum at 540 my Avas reached 
in 15 to 20 minutes (12), compared A\’ith 2 hours for xylulose (13). The 
identification of ribulose has noAV been confirmed bj'^ the isolation of the 
o-nitrophenylhydrazone (Table III). The derivative prepared from RuDP 
had the same melting point and optical rotation as the autlientic sample; 
it AA-as thus established that. the sugar had the v configuration. The crys- 
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tab of the enzymatic and authentic derivatives veve identical in micro- 
scopic appearance and yielded identical x-ray dilTraction i)nttci-ns.' 

In order to test for the presence (M) of small quantities of 3-hctopcntose, 
RuDP, uniformly labeled with C", was prepared and oxidized with peri- 
odate. This treatment would convert to CO; the carbonyl carimn atom 
of any 3-ketopcntose csterified in the 1 ,5 positions (sec below). In experi- 
ments in which 1 funolc of RuDP (19,000 c.p.m., infinitely thin sample) 
was oxidized with an excess of periodate, negligible quantities of C‘^0; 
were produced. The radioactivity recovered after addition of carrier CO; 
amounted to 2 c.p.m. above background in one case and 13 c.p.m. above 
background in another case (counted at infinite thickness). It can there- 
fore be calculated that 3-ketopentose, if present, amounted to less than 3 
per cent of the total pentose. In agreement with this result, it was found 
that the specific color test for 3-ketopentoses (15) was not given by the 
RuDP preparations, even in high concentration. 

Position of Phosphate Groups — ^The analytical data (Table I) indicated 
the presence of 2 motes of organic phosphate per mole of ribulose, presum- 
ably esterified at positions 1 and 5. This was confirmed by periodate oxi- 
dation (Table II'’)- It found that 2 moles of periodate were consumed 
per mole of pentose, and only traces of formaldehyde and carbon dioxide 
were formed. This result would be given onlj" by ribulose esterified in the 
1 and o positions-, the 4,5 derivative, which would also consume 2 equiva- 
lents of periodate, would jneld 1 equivalent each of formaldehj-de and CO;, 

Other Properties of B-Ribulose 1 ,5-Diphosphate 

Alkali Lability — RuDP was found to be decomposed by alkali at room 
temperature, with the rapid Uberation of inorganic phosphate (Fig. 3). 
At 25°, the half life of RuDP was 2.8 minutes in 1 x NaOH and 15 minutes 
in 0.1 X NaOH. The appearance of inorganic phosphate was found to 
follow first order kinetics with no change in slope, indicating that the two 
phosphate groups were equalR’- labile. 

Acid Lability — In 1 x H;S 04 at 100° the hydrol 3 "sis of RuDP was a fh'st 
order reaction with no change in slope, again indicating equal labilit 5 ’' of the 
two phosphate groups (Fig. 3). Under these conditions half of the total 
phosphate was liberated in about 20 minutes, compared with about 40 
minutes for Ru-5-P (11). It would appear that the presence of the 1-phos- 
phate group renders the 5 position linkage more labile to acid. 

Enzymatic Properties— RuDP is verj-- slow] 3 '- cleaved by cr 3 '^stalline aldo- 
lase (16) ; the rate is less than one-fiftieth of that obtained with fructose 
diphosphate. It is not attacked by purified spinach transketolase (17). 

‘ We are indebted to Mr. Wm. C. White of the National Cancer Institute for carry- 
ing out the x-ray diffraction studies. 



792 


RIBULOSE 1 ,5-DIPIIOSPIIATE 


It is rapidly h 3 '-drolyzed I)}'- a phosphatase present in spinach leaves, with 
the production of 1 equivalent of inorganic phosphate. On purification 
this activity appears to parallel a fructose diphosphatase (18) which is 


Table IV 

Periodate Oxidation of RuDP 

The reaction mixtures (1.05 ml.) contained lO--’ m HsIOb in 0.1 m acetate buffer, 
pH 4.5. Density readings were made at 265 m/i in a cell of 1 .0 cm. light path. After 
the initial readings the test compounds were added and the absorption followed until 
no further changes occurred. Reagent grade glj'cerol was used as a standard and a 
sample of crj'stalline sedoheptulosan (kind^' provided bj' Dr. N. K. Richtm 3 'er of 
this Institute) was run for comparison. When the reaction was complete (about 45 
minutes with RuDP), 0.05 ml. of 0.01 m sodium arsenite was added, and 0.5 ml. 
aliquots were removed for formaldehj^de assa 3 ’ (5). 



RuDP, Pre- 
paration IX 

RuDP, Pre- 
paration X 

Glycerol 

Sedo- 

heptulosan 

Substrate added, iiinolc 

0.231* 

0.214* 

0.160 

mi 

AD (265 m;ii) 

0.228 

0.223 

0.160 

WBm 

“ (670 “ )t 

0.037 

0.010 

0.266 

BIB 

Periodate consumed, ninolet 

0.456 

0.446 

(0.320)§ 

BB 

HCHO formed, fimole 

0.04 

0.01 


0.02 

Periodate 

1.97 

2.08 


2.17 


Pentose 

HCHO 

0.17 

0.05 


0.10 


Pentose 





* B 3 ’’ the orcinol method. 

t In the chromotropic acid method for HCHO. 

J Based on the density change produced b 3 '’ the glycerol standard. 
§ Theory for 0.160 /imole of glycerol. 



MINUTES 

Fig. 3. Hydrolysis of RuDP under acid and alkaline conditions 
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present in plant extracts.^ The product of RuDP liydrolysis bj' this en- 
z>Ti\e has not yet been identified. 

DISCUSSION 

The compound detected by Benson ( 9 ) on paper chromatograms of ex- 
tracts of photosynthesizing cells has now been prepared In’ enz3'matic 
methods and its identitj- as D-ribulose 1 , 5 -diphosphate firmh' established. 
Little doubt remains as to the function of this compound as the primal^’ 
CO2 acceptor in photosj’nthesis, thus ending the long search for the so called 
“C2 acceptor.” Work in progress in this laboratorj' and in others ( 2 , 14 , 
19 , 20 ) has .served to establish the important role of the phosphate esters 
of ribulose in photos\'nthesis. "iMiile no function for RuDP has j'et been 
found in animal tissues and heterotrophic microorganisms, it maj- be sur- 
mised that this compound, with its highh' reactive carbon3’l group, is em- 
ployed for other bios3'nthetic mechanisms. 

SUiatARY 

INIethods for the preparation of ribulose diphosphate are described, based 
on the enz3’matic synthesis of this compound from pentose phosphate. 

The pentose has been identified as D-ribulose b3’ conversion to the o-ni- 
trophen3'lh3’drazone. 2 equivalents of phosphate are present, and on the 
basis of periodate oxidation it has been established that these are esterified 
in the 1 and 5 positions. Both phosphate groups are equall3’ labile to acid 
or alkaline hydrol3’sis. The product 3-10^5 2 equivalents of 3 -phospho- 
glyceric acid in the presence of the carbox3’lation enz3’me. 

Spinach leaves contain a phosphatase which hydrol3’zes one of the two 
phosphate groups of ribulose diphosphate. 
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THE EXZYiSLVTIC EORMATIOiSr OF PHOSPHOGLYCERIC ACID 
FRO:^I RIBULOSE DIPHOSPIDVTE AND CARBON DIOXIDE 

By ARTHUR B'EISSBACII,* B. L, 1I0RECKT:R, and JERARD lIURWITZf 

{From the Xaltonal Iiisliliilc of Arthritis and ^[ctahoUc Diseases, National 
Institutes of Health, United States Public Health Serviee, 

Delhcsda, .Ifnrylanrf) 

(Received for publiciition, .lune 29, 1955) 

Calvin and his coworkers have shown that CO; fixed in photosynthesis 
is first detected in the carbox}'! group of jihosphoglyceric acid and have 
proposed that this compound is produced in the primarj' carboxj'lation 
reaction (1). Eager (2) has reported the incorporation of CO; into PGA* 
in cell-free plant extraets, which was stimulated bj' an unidentified phos- 
phate ester present in the extracts. Evidence for the utilization of pentose 
esters for this process has been reviewed (3). It is now apparent that the 
immediate precursor of PGA is ribulose diphosphate (4-7), which arises 
from ribulose 5-phosphatc and ATP in the presence of phosphoribulokinase 
(3). In an accompamang publication (8) the enzjTnatic synthesis, isola- 
tion, and proof of structure of tliis intermediate (RuDP) have been dis- 
cussed. 

The present communication is concerned with an enzjmie from spinach 
which catalj’’zes the formation of PGA from RuDP and CO 2 as shoism. in 
equation (1) This reaction does not appear to be reversible at neutral 

( 1 ) H.COPO,- 

i 

0=0 

HCOH 4- HCOr - 

j enzjTne 

HCOH 

I 

H5COPO3- 

* Fellow of The National Foundation for Infantile Paralj'sis, Inc. 

t Fellow in Cancer Research of the American Cancer Society. 

* The follo^Nlng abbreviations are used: PGA, phosphoglyceric acid; RuDP, ribu- 
lose diphosphate; Ru-5-P, ribulose 5-phosphate; R-5-P, ribose 5-phosphate; G-6-P, 
glucose 6-phosphate; HDP, hexose diphosphate; DPN, diphosphopyridine nucleo- 
tide; DPNH, dihydrodiphosphopjTidine nucleotide; ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; GSH, glutathione; EDTA, ethylenediaminetetraacetic 
acid; Tris, tris (hydroxymethyl) aminomethane; TE.\, triethanolamine. 

= Under the conditions of most experiments (pH 7.7 and 5 per cent CO;) bicarbo- 
nate ion is the principal species. This is not intended to imply that it is the primary 
reactant. 


coo- 

I 

2HC0H -1- H+ 
1 

H.COPO 3 - 
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pH. The product has been identified as PGA by ion exchange chromatog- 
raphy, oxidation ndth sodium periodate after dephosphorylation, and by 
enzymatic assay methods. 

Simultaneously with the work reported here, the presence of the car- 
boxylation reaction in spinach leaves was reported by Packer (9) and by 
Jakoby, Brummond, and Ochoa (10). 

M ethods 

Materials — The following substances were commercial preparations: 
ATP (crystalline) and ADP, Sigma Chemical Company; GSH, Nutritional 
Biochemicals Corporation; PGA and HDP (barium salts), Schwarz Labo- 
ratories; sodium metaperiodate, G. Frederick Smith Chemical Company; 
Dowex 1, The Dow Chemical Company. DPN was prepared by the 
method of Kornberg and Pricer (11), and DPNH by the method of 
Ohlmeyer (12). Ru-5-P (13), PuDP (8), and sedoheptulose 7-phosphate 
(14) were prepared as described previously. Glycolaldehyde phosphate 
(diose phosphate) was prepared by the method of Flemy and Courtois (15). 
1-Pyrophosphoryl ribose 5-phosphate (16) was a gift of Dr. A. Kornberg 
of Washington University. Uniformly labeled C’^^-EDP was purchased 
from the Nuclear Instrument and Chemical Corporation (Chicago). Uni- 
formly labeled C‘^-R-5-P, used to prepare C*^-RuDP, was obtained from 
the Schwarz Laboratories. R-5-P-1-C” was prepared as described previ- 
ously (17). BaC^'^Os was provided by the Atomic Energy Commission. 

Enzyme Preparations — Potato phosphatase was purified by the method 
of Kornberg and Pricer.® Crystalline aldolase (18) and glyceraldehyde 
3-phosphate dehydrogenase (19) were isolated from rabbit muscle. Phos- 
phoglyceryl kinase was prepared from peas (20). 

A crude rabbit muscle fraction employed for the determination of PGA 
was prepared as follows: The extract obtained in the procedure for aldolase 
(18) was adjusted to pH 7.7 and treated AAdth 0.5 volume of ammonium 
sulfate solution (saturated at 0°). Concentrated ammonium hydroxide 
was added slowly to bring the pH to 7.5. The suspension was centrifuged, 
and the supernatant solution was treated with 30 gm. of ammonium sul- 
fate per 100 ml. The bulk}'- precipitate was collected by centrifugation, 
suspended in a small volume of water (about 10 ml. per 100 ml. of original 
extract), and dialyzed overnight against cold, flowing, distilled water. In- 
soluble material was removed by centrifugation. The solution was stored 
at — 16° and retained its activit}'- over a period of several montlis; a pre- 
cipitate which developed during this time was removed Iw centrifugation. 
This solution provides all of the enz 5 ’-mes necessary for the reactions shown 

in Diagram 1. 

3 Unpublished procedure. 
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Ddcrminaiions — ^Protein was determined i)y the metliod of Sutherland 
ft al. (21). Phosphate anah'ses were carried out bj' the procedure of Fiske 
and Subbarow (22). Absorption measurements were made with a Beck- 
man DU spectrophotometer. Electrophoresis experiments were carried 
out at 25° vdt\i the Aminco-Stern apparatus and ultracentrifugatioii ex- 
periments with the Spinco model E centrifuge. Radioactivity measure- 
ments were made with a gas flow counter. 

Isolatio7i and Degradation of PGA — ^For the isolation of PGA, Dowex 
1 Cl“ columns (3.8 sq. cm. X 23 cm.) were employed. Elution was by 
the gradient technique (23) at a rate of 0.5 ml. per minute, with 750 ml. 
of water in the mixing chamber and 0.1 x HCl in the reservoir. Under 
these conditions PGA was eluted in about 6.5 column volumes, weU sepa- 
rated from sedoheptulose 7-phosphate, glucose 6-phosphate, ribose 5-phos- 
phate, and 6-phosphogluconate, which appear in about 3.5, 4.0, 4.5, and 
5.0 colunrn volumes, respectively. Fructose diphosphate was not eluted, 
even after S column volumes of eluate had been collected. Fractions con- 
taining PGA (determined bj* total P, or enzj'matic assaj^) were pooled 
and taken to drjmess in vacuo, and the residue was dissolved in water. 
Barium acetate was added, and the barium salt of PGA was precipitated 
at pH 7 with an equal volume of ethanol. The precipitate was washed 
\rith 50 per cent ethanol, extracted with 0.1 x HCl, and reprecipitated b}’’ 
adjusting to pH 7 with NaOH. This procedure was repeated to constant 
specific acthdty. To decompose the barium salt the precipitate was .sus- 
pended in water and treated vith a small excess of K 2 SOJ. 

For the degradation of PGA, solutions of potassium salt at pH 5.0 were 
hj’-drolyzed with potato phosphatase, and the free glyceric acid formed was 
oxidized with sodium periodate as described by Sakami (24) for the deg- 
radation of serine. 


Results 

Carhoxylation Enzyme 

Assay — ^The assay for the carhoxylation enz 3 Tne was based on the rate 
of formation of PGA from RuDP and CO 2 and was carried out in two steps. 
In the first step RuDP and CO 2 were incubated with the carboxjiation 
enzyme in a reaction mixture which contained 25 /imoles of XaHCOs, 5 
/imoles of MgCb, 3 /imoles of GSH, 0.03 ^mole of EDTA, and 0.2 /zmole 
of RuDP, in a total volume of 0.52 ml. The solution was satmated with 
5 per cent CO 2 in N 2 , treated with 0.02 ml. of enzjme solution (appropri- 
ately diluted), and incubated at 25° for 10 minutes. The reaction was 
stopped by the addition of 0.03 ml. of 1.0 x HCl, and the solution was 
heated in a boiling water bath for 1 minute. 
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In the second step an aliquot (usually 0.1 ml.) was taken for PGA assay 
(Diagram 1). The solution contained 50 ^moles of Tris buffer, pH 7.7, 
10 Mmoles of MgCl 2 , 0.07 Mmole of DPNPI, 0.05 ml. of dialyzed rabbit mus- 
cle preparation, and the sample to be assayed, in a quartz cuvette with a 
total volume of 1.0 ml. and light path of 1.0 cm. The optical density was 
measured at 340 mM, following which 0.4 Mmole of ADP (0.02 ml.) was 
added. Usually 15 to 20 minutes were required for the reaction to come 
to completion. The quantity of DPNH oxidized, calculated from the 
change in absorption at 340 ium (e = 6.22 X 10^), was equal to the amount 


S-Phosphogb'cerate 

[phosphoglycerate mutase] 

4 ' 

2-Pliosphoglycerate 

[enolase] 


Phosphoenolpyruvate 


ATP <- ADP 


[phosphoenolpyruvate kinase] 


Pyruvate 


DPN <— DPNH 


[lactic deh 3 "drogenase] 


Lactate 

Diagram 1. The enzymatic assay for phosphoglyceric acid. The experimental 
conditions were as described in the text (second step). ’ No oxidation of DPNH was 
observed until ADP was added. 


of PGA added in the aliquot. Identical values for PGA were obtained 
when ahquots were assayed according to Bucher (25) by conversion to 
1 , 3-diphosphoglyceric acid with phosphoglyceryl kinase and ATP and re- 
duction to glyceraldehyde 3-phosphate with DPNH and gl 3 ’-ceraldehyde 
3-phosphate dehydrogenase. A unit of carboxylation enzyme Avas defined 
as the amount which Avould form 1.0 pmole of PGA in 10 minutes under 
the conditions of incubation Awth RuDP. Specific activity represents the 
number of units per mg. of protein. The proportionality of rate to enzjTne 
concentration is illustrated in Fig. 1. 

Purification — Fresh spinach leaves from the local market were ivashed 
with cold tap Avater and the stems discarded. 600 gm. of leaf material 
AA'ere homogenized at 0° in a large Waring blendor Avith 2000 ml. of solu- 
tion containing 10~^ m EDTA and 10~~ m K 2 HPD 4 adjusted to pH 7.4. 
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After 3 minutes at top blcndor speed, the homogenized suspension was 
filtered through Schleicher and Schuell No. 5SS fluted filter paper. The 
opaque dark green filtrate was adjusted to pH 7 with 1 x ammonium hy- 
droxide (“crude extract,” 2100 ml., Table I). This extract was treated 
ndth 475 gm. of ammonium sulfate and centrifuged. The pale green su- 



01 02 03 04 

MICROLITERS OF ENZYME SOLUTION 

Fig. 1. Rate of PG.^ formation as a function of the concentration of carboxyla- 
tion enziTne. The assay was as described in the text . 

T.vble I 


Purificalion oj Carboxylalion Enzyme 



Total units* 

Specific actiMtj * 

Crude extract 

35,300 

0,0 

Ammonium Sulfate I 

28,700 

16.7 

“ “ II 

21,300 

31.6 

Heated fraction 

2I,300t 

37.6 

Aluminum hydroxide eluate 

17,600t 

52.0 


* As defined in the text. 

T The recoveries were corrected for the aliquots taken in these steps. 


pematant solution was treated with 210 gm. of ammonium sulfate, cen- 
trifuged, and the precipitate cfissolved in 100 ml. of 0.1 xi phosphate buffer, 
pH 7.4, containing 5 X IQ-® xi EDTA (Ammonium Sulfate I, 114 ml.). 

The solution obtained in the prexious step was diluted with an equal 
volume of cold water. At this point the degree of saturation with respect 
to ammonium sulfate, determined by conductixdty measurement with the 
Barnstead purity meter, was 0.07. The diluted solution (226 ml.) was 
treated with 92.5 ml. of a saturated ammonium sulfate solution (saturated 
at room temperature and adjusted to pH 7.3 uith concentrated NHj). 
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The suspension was centrifuged, the supernatant solution treated with 26.4 
ml. of saturated ammonium sulfate solution, and the precipitate again 
discarded. To the supernatant solution were added 30.3 ml. of saturated 
ammonium solution, and the precipitate was collected by centrifugation 
and dissolved in 30 ml. of 0.1 m phosphate buffer, pH 7.4 (Ammonium Sul- 
fate II, 36 ml.). 

A portion of tliis solution (27 ml.) was heated to 60-63° in approximately 
3 minutes, held for 5 minutes at this temperature, and rapidly cooled and 
centrifuged. The residue was Avashed Avith 5 ml. of water and discarded. 
The supernatant solution and Avashing Avere combined (“heated fraction,” 
28 ml.). 

The heated fraction was diluted A\dth 140 ml. of cold water and treated 
with 196 ml. of aged aluminum hydamide Cy gel (12.7 mg. per ml.) (26). 
The suspension Avas centrifuged and the enzyme eluted from the gel Avith 
50 ml. of 0.1 M phosphate buffer, pH 7.7 (“aluminum hydroxide eluate,” 
77 ml.). 


Properties of Carhoxylation Enzyme 

Stability — While the most purified preparations were only moderately 
stable and lost appreciable activity when stored for seAmral days at — 16°, 
the preparation at the stage of Ammonium Sulfate II exhibited a slow but 
steady mcrease in activity at — 16°. With some preparations this increase 
continued for 4 to 6 Aveeks and amounted to over 100 per cent. Presum- 
ably this effect can be attributed to the presence of an unstable inhibitor 
in the spinach extracts. OAving to this phenomenon, the true capacity of 
extracts to catalyze the carhoxylation reaction could not be evaluated. 

The carhoxylation enzyme is unstable beloAV pH 6. Because of this in- 
stability at low pH, it was important to prepare the extracts in the presence 
of an alkaline buffer, since unbuffered spinach extracts haAm an acidic re- 
action. 

Homogeneity — ^Although the best preparations w^ere purified only about 
10-fold compared with spinach extracts, further efforts to increase the spe- 
cific activity proved unsuccessful. Electrophoresis and ultracentrifuga- 
tion studies, carried out in collaboration AAuth Dr. W. R. Carroll of tins 
Institute, indicated that the bulk of the protein Avas associated Avith a single 
homogeneous component. In the electrophoresis runs (Fig. 2), a single 
rapidly moving boundary was present. The mobility at pH 7.7 Avas 
greater than that of serum albumin, indicating that the molecule carries a 
substantial net negative charge at this pH. Patterns nearly identical Avith 
that m Fig. 2 were also obtained at pH 7.7 and 8.6, except that at the more 
alkaline pH the descending boundary shoAA^ed a tendency to split into two 
peaks tOAvard the end of the i*un. This result may be due to the instability 
of the enzyme under the conditions of the experiment. 
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'I'lu' iiltniccntrifn.natioii p:i((orii h:u! (wo v('ry minor i)raks in addition 
to the major component (Fig. 3). The sedimentation constant for the 
major peak was 17 Svedherg units, measured in 0.1 M TE.-V ljuffer, pll 0.0, 
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Fig. 2. Electrophoresis pattern of the purified carboxylation enzyme. The upper 
curve represents the ascending Iioundary and the lower curve the descending bound- 
ary after 230 minutes at 12.5 ma. The aluminum hydroxide eluate was precipitated 
with ammonium sulfate, dissolved in buffer, and dialyzed against TEA buffer, pH 
6.S5, 0.1 ionic strength. The protein concentration after dialysis was 14.6 mg. per 
ml. 



Fig. 3. Ultracentrifugation pattern of the purified carboxylation enzj-me. The 
enzyme preparation described in Fig. 2 was dialyzed overnight against TEA buffer, 
pH 8.9, at 0.1 ionic strength. The solution was diluted with buffer to a protein con- 
centration of 5 mg. per ml. The progress of ultracentrifugation at 260,000 X is 
shown from left to right. With other preparations a very small rapidly moving com- 
ponent was observed; this was absent in the run illustrated. 

at a protein concentration of 0.5 per cent. The diffusion constant was 
found to be 5.5 X 10“' sq. cm. per second in 0.1 ai Tris buffer, pH 6.9, at a 
protein concentration of 2 per cent. From these data the molecular 
weight was estimated to be about 300,000. In the ultracentrifuge as well 
as in the electrophoresis experiments, the enzjmratic actmty was alwa 5 's 
associated Awth the major protein peak. 
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Suhslralc SpcciJicilij — I’lirificd jin^pnral.ions of Mic (jarboxylaiion ciwyme 
were devoid of ])hosphoril)ulokiiiase, franskelolase, or transaldolase. Of a 
number of po.ssible .sub.sti'ates te.sted, onl.y ]?uI3P .served as an acceptor for 
carbon dioxide (Table JI). Neitlier ribosc ] ,5-diphosphate nor ribulose 
5-phosphate served as a substrate for the enzjune as measured b}'^ PGA 
formation. A'laximal activit}’- was reached at an IluDP concentration of 
about 5 X 10~'’ i\r; higher concentrations Avere inhibitoiy (Fig. 4). From 
the Liueweaver-Burk plot (27) K, was estimated to be 2.5 X 10 ~' m; the 
extraiDolated value for Fmnx. Avas nearl3'’ tAvice the obserAmd maximal Amlocity. 

Table II 


Spccificily of Carhoxylation Enzyme 


Substrate 

Counts per min. fixed 

None 

0 

RuDP 

9400 

Close phosphate 

38 

Hexose diphosphate 

38 

Sedoheptulose diphosphate 

0 

R-5-P.' 

0 

Glucose 6-phosphate 

0 

Fructose 1 -phosphate 

0 


The incubation mixtures contained 25 /imoles of NaHCOs, 5 /jmoles of MgCls, 
3 yamoles of GSH, 0.3 jumole of substrate, 4 /i/moles of K2C’''03 containing 3 X 10“ 
c.p.m., and 6.3 units of carboxylation enzyme in 0.6 ml. The mixtures were gassed 
with 5 per cent CO2 in N2 before addition of enzjmre and radioactive carbonate. 
After 10 minutes at room temperature, 0.03 ml. of 10 n H2SO4 was added, and tlie 
solution was heated at 100° for 1 minute. After removal of C’''02 from the reaction 
mixture Irj' sweeping with N2, .an .aliquot of the solution was plated, diiod, and 
counted. 

Half maximal A^elocity AAms obtained at a bicarbonate ion concentration 
of 1.1 X 10~- M. At pH 7.7 and 25° the H2CO3 concentration in equilibrium 
AAdth this concentration of bicarbonate ion Avould be 1.8 X 10“'* m. 

Cofactor Requirements — Both Mg++ and a sulfhy'^diyl compound or se- 
questering agent AA^ere required for full acthdty. As shoAvn in Table III, 
the purified enzyme Avas completelj'^ inactiA’’e in the absence of added metal 
ions; Ni"*^ and Mg++ AAmre equall}’’ effectwe actiAmtors, AAdiile Co"*^, Mn'^, 
and Fe++ Avere less actiAm. Fe+++ AA-as completelj^ inactiAm. The stimu- 
latoiy effect of sulfhj^diyl compounds such as GSH orc3mteine Amried Avith 
the stage of preparation and the age of the enz3'-me. The particular prepa- 
ration emplo3md in the experiment described in Table IV Avas acfiA’atcd 
10-fold b3^ the addition of sulfhydiyl compounds. EDTA in place of GSH 
produced similar activation. No other cofactors liaA'c been detected. 
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^Microbiological assaj's failed to reveal the presence of significant quantities 
of thiamine, riboflavin, nicotinamide, folic acid, or lipoic acid containing 
cofactors. 



0 1.0 2.0 3.0 4.0 

RuOP CONCENTRATION (/iMOLES /ml.) 


Fig. 4. Effect of RuDP concentration on the rate of PGA formation. The reac- 
tion conditions were as described in “Methods.” 


Table III 

Metal Activation of Carboxylation Enzyme 


Additions 

Concentration 

f 

PGA formed 

• 

it 

txmoJe ptr 10 min. 

Mone* 


0.007 

Mg^ 

10'= 

0.149 

Ni++ 

10'= 

0.151 

Co++ 

10'= 

0.068 

Mn++ 

10-’ 

0.025 

Fe++ 

10-= 

0.021 


* The enzyme assaj-s were carried out as described in “Methods” with 1.75 units 
of the carbo.xylation enzjTne at the stage of Ammonium Sulfate II. The metal 
ions were added as the chlorides. 


Effect of pH — ^The carboxylation enzjnne tvas most active at about pH 
8; there was little or no actmty belotv pH 6.4 or above 9.2 (Fig. 5). The 
low activity below pH 7 maj^ be due in part to the instability of the enzjnne 
on the acid side of neutrality. 
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E£'ect of Inhibitors — The carboxylalioii cnzynie was inhibited by rela- 
tivelj'- low concentrations of phosphate or arsenate ions. Thus in 0.03 m 
and 0.01 m phosphate, the activity was only 10 and 30 per cent of the con- 

Tahle IV 


Glnlathione Stiimdation of Carhoxylation Enzyme 


GSH addition 

PGA formed 

None 

nmole per 10 min. 

0.010 


5 X 10-< M 

0.038 


3 X 10-3 “ 

0.097 


7 X 10-3 M 

0.100 





The assay conditions were as described in “Methods.” For this experiment a 
preparation at the stage of Ammonium Sulfate I (10 ml.) was diab^zed overnight 
against 0.05 m sodium acetate and fractionated at pH 6.3 and 0° with ethanol. The 
precipitate obtained between 20 and 30 per cent ethanol was dissolved in 10 ml. of 
water, adjusted to pH 6.3, and fractionated at 0° with methanol. The fraction col- 
lected between 19 and 25 per cent methanol was dissolved in 2 ml. of 0.1 M TEA 
buffer, pH 7.7. 9.3 7 of this preparation were used in each vessel. 



Fig. 5. The effect of pH on reaction velocity. The assa 3 " conditions were as de- 
scribed in “Alethods” except for the buffer utilized. The following buffers vmre em- 
ploj'ed: TEA, pH 6.3 and 7.9; succinate, pH 6.4; bicarbonate, pll 7.2, 7.3, 7.7, 

9.2, and 9.6; glycj-lglycine, pH 7.4; Tris, pH 7.8; gb’cine, pH 7.9, 8 . 2 , and 8.5. u 
the e.xperiments designated by •, the gas space was air; in those designated ])y O, 
it was 5 per cent CO 2 in N:. The pH values were determined at the end of the incu- 
bation period. 





A. WEISSBACn, B. L. HOUECKER, AND J. lIVUWnTZ 


SOo 


trol value, respectively. Arsenate at 0.02 m gave complete inliibition. 
HgCl; at 2 X lO"* M inhibited complctch', while p-chloromercuribenzoate 
at the same concentration inhibited 50 per cent. Arsenite at 10 ~’ m was 
without effect. 

Effect of Temperature — ^The rate of RuDP carboxylation increased ap- 
proximately 2-fold for ever^' 10° increase in temperature (Fig. 6). From 
the slope of the line obtained by plotting the log of the velocity against 
l/F. the activation energy' calculated from the Arrhenius equation was 
16,900 calories per mole. 



TEMPERATURE ("Kl '/jtXIO^) 

Fig. 6. The effect of temperature on the reaction velocity. The reaction condi- 
tions vere as described in the text, with an enzjme preparation carried through 
.Ammonium Sulfate II. The specific activitj' was 30.4 units per mg. The quanti- 
ties of enzjTne used ranged from 1.9 7 at 46.5’ to 39 7 at 4°. 

Phosphoglyceric Acid Formation 

Isotope Experiments — ^In order to proxide information on the mecha- 
nism of PGA formation, experiments were performed with labeled CO 2 or 
E.-5-P. TlTien C*^02 was emploj'ed, RuDP was the other substrate; with 
R-5-P-l-C“, the CO 2 was unlabeled and phosphoriboisomerase (3), phos- 
phoribulokinase (3), and ATP were added, in addition to the carboxx'la- 
tion enzjme. PGA produced from C'^02 and RuDP contained aU of the 
radioactixnty in the carboxjd group. With 1-labeled pentose phosphate as 
the substrate, 99 per cent of the isotope was in the ^ position (Table V). 
This result is to be compared with that obtained with a crude spinach ex- 
tract (28) in which about 25 per cent of the total radioactivity of the PGA 
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was found in the carboxyl carbon atom. It is now clear that the spread 
of isotope observed witli the crude preparations can be attributed to side 
reactions rather than to the carboxylation reaction itself. 

Stoichiometry — In the presence of excess CO 2 J 1 mole of RuDP jdelds 2 
moles of PGA (Fig, 7). This is consistent with the observation of Jakobj'', 
Brummond, and Ochoa (10), who obtained 2 moles of PGA per mole of 
CO 2 utilized. In agreement with these workers, no evidence could be ob- 
tained for the reversibility of the reaction with PGA as the substrate, 

Table V 


Distribution of C'* in PGA Formed from Labeled Sitbstrates 


Carbon atom 

Specific activity 

1 With C>'02» 

With R-S-P-1-C‘'t 

Carboxyl 

1 c.p.m. per mg. C 

9350 

c.p.m. per mg. C 

19 

or 

' 1 

48 


0 

4840 


* The reaction mixture (0.9 ml.) contained 20/<nioles of TEA buffer, lO/umoles of 
NaHCOs, 0.18 ^aiole of RuDP, 17 /nmoles of KsC^'^Os (2 X 10® c.p.m.), 5 jutnoles of 
MgCb, and 16 units of carboxylation enz 3 ’^me. The pH was 7.7. After 40 minutes at 
25° the reaction was stopped b}'- the addition of 1.0 ml. of 10 per cent trichloroacetic 
acid, and CO 2 was removed bj" sweeping for 5 minutes with Nj. Carrier PGA (300 
jumoles) was added. The chromatographic isolation and degradation were as de- 
scribed in “Methods.” 

t The reaction mixture (2.52 ml.) contained 3 /umoles of R-5-P-1-C'’' (79,000 
c.p.m.), 10 /nmoles of ATP, 20 /nmoles of MgCl 2 , 33 /nmoles of GSH, 100 /nmoles of bi- 
carbonate, 50 units of phosphoribulokinase, 30 units of phosphoriboisomerase, and 60 
units of carboxjdation enzjTOe. Before addition of enzymes the solution was gassed 
with 5 per cent CO 2 in N 2 . After 30 minutes the reaction was stopped with 0.06 ml. 
of 1 N HCl and heated for 1 minute at 100°. Carrier PGA (110 /umoles) was added. 
Isolation and degradation procedures were as described in “Methods.” 

either by C^®02 incorporation or pentose formation. Preliminary deter- 
minations of A/I for reaction (1) (see the introduction), carried out in col- 
laboration with Dr. T. H. Benzinger and Dr. C. Kitzinger of the Naval 
Medical Research Institute/ indicate a imlue of approximately —5000 
calories per mole. If AF and AH are of similar magnitude, assuming the 
entropy change to be small, this result is consistent vdth the obseiA’’ed ir- 
reversibility. Because of the high affinity of the carboxylation enzjune 
for RuDP, the reaction is suitable for the quantitative determination of 
RuDP. The application of this metliod is illustrated in the accompanying 
publication (S). 

* A detailed account of these studies will be published elsewliere. 
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Intermediates— li lias been suggested that a 3-ketopentose diphosphate 
may act as the COj acceptor in the carboxjdation reaction (9). No e\'i- 
dence for such an intermediate has been obtained. As discussed elsewhere 
(S), oxidation of a 3-ketopentose diphosphate with periodate would jdeld 
CO: from the carbonyl carbon atom. Uniformly labeled C^'-RuDP (1 
jumole, 19,000 c.p.m., counted at infinite thinness) was incubated iiith 2.5 
units of the carboxjdation enzyme for 5 minutes in the absence of COj, 
folloviing which it was treated with an excess of periodate. The radio- 
actmty present as CO:, isolated after the addition of 120 ^imoles of car- 
rier bicarbonate, amounted to 2 ± 1 c.p.m. (counted as BaCOj at infinite 



Fig. 7. The conversion of RuDP to PGA. The reaction conditions and PGA as- 
say vrere as described in the text, except that 0.1 iimole of RuDP vas present. The 
carbo.xylation enzjme was Ammonium Sulfate II, specific actmty 29,7. In each 
experiment, 0.17 unit of enzyme was added. 

thickness). Corrected to counts at infinite thinness, this accounted for 
less than 1 per cent of the total radioactivity added. Thus less than 1 
per cent of a 3-keto derivative was present. Essentially the same result 
was obtained with RuDP before incubation with the carboxjdation enzjTne 
(8). Analysis of similar incubation mixtures for 3-ketopentose by the 
specific color test of Ashwell and Hickman (29) was also negative. 

Radioactive triose phosphate, generated from C^^-HDP with aldolase, 
does not appear in PGA formed from RuDP. In this experiment RuDP 
(1.3 pmoles) was converted quantitatively to PGA bj" the carboxjdation 
enzyme in the presence of 1.68 pmoles of C’^-HDP, containing 9000 c.p.m., 
and an excess of aldolase. Carrier PGA (50 /imoles) was added to the in- 
cubation mixture, which was then made 1 k with respect to HCl and heated 
at 100° for 1 hour to destroy the labile phosphate esters. The mixture was 
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then neutralized and the PGA isolated b}'’ ion exchange chromatography 
as described in “Methods.” No radioactivity'’ could be detected in the re- 
covered PGA, indicating that free triose phosphate was not formed during 
the carboxydation reaction. 

When 2 , 6-dichlorophenolindophenol (30) Avas added to an incubation 
mixture containing RuDP, EDTA, and the carboxylation enzyme either 
in the presence or absence of CO 2 , no reduction of the dye was noted, in- 
dicating that a free enediol derivative does not accumulate. Under similar 
conditions the addition of ascorbic acid or GSH to the reaction mixture 
resulted in immediate reduction of the dye. 

DISCUSSION 

The demonstration of phosphoribulokinase (7) and of the carboxydation 
enzyme in spinach leaf extracts provides direct experimental support for 
the concept that RuDP acts as the primary carbon dioxide acceptor in 
photosynthesis. Assuming a molecular weight of approximately 300,000, 
the turnover number at 25° was calculated to be approximately'’ 1500 moles 
of PGA produced per mole of enzyme per minute. This relatively low 
turnover rate is compensated for by a high concentration of the enzy'me, 
which appears to constitute 5 to 10 per cent of the soluble protein of spinach 
leaf. Further evidence Avill be required to confirm the homogeneity of the 
purified preparations; until such evidence is available, the turnover number 
and quantity of enzyme in spinach tissue must be regarded as tentative 
values. Other sources of enzyme, such as rye grass cuttings, were found 
to yield preparations very similar to those obtained from spinach. 

Several lines of evidence are available for the identity of the reaction 
product, including (a) chromatography with authentic PGA on ion ex- 
change resins, (6) enzymatic conversion to phosphoenolpyruvate and sub- 
sequent reduction to lactate, (c) enzymatic phosphorylation to 1,3-diphos- 
phoglyceric acid and reduction to glyceraldehyde 3-phosphate (25), (d) 
degradation with periodate following enzymatic dephosphorylation. In 
addition the stability of the reaction product to acid hydrolysis Avas con- 
sistent AAuth that of PGA. In the chromatographic isolation, carrier PGA 
Avas eluted in constant proportion to the radioactivity. Although neither 
of the enzy'^matic assays is completely specific, each yielded quantitatively'’ 
identical results, leaAong little doubt that the product A\'as indeed PGA. 
In the reaction Avith periodate only serine and glyceric acid Avould ydeld 
the products obtained; the absence of a ninhydrin reaction excluded the 

former. . , 

With respect to the mechanism of the carboxylation reaction, no imai 
conclusion can be draAA'n. The results obtained here neither support nor 
deny the enediol mechanism proposed by Cahdn (31), although the re- 
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quireraeut of the carboxj'latioii reaction for a metal ion might be taken as 
support for this hiTiothesis. However, if such an enediol derivative is 
formed as an intermediate, it does not accumulate in detectable quantities. 
It is established that COj enters the carboxjd group of PGA, wliile the 
1 position, of pentose phosphate appears in the |3 position of the product; 
it would be of interest to estabhsh, in experiments ndth C** of the tjq)e 
introduced by Wood (32), that these labeled carbon atoms are present in 
the same PGA molecule. With the isolation of the carboxjdation enzjune, 
the entire CO; fixation C 3 'cle in photosjmthesis can be written in terms of 
known reactions. These have been rc\’iewed elsewhere (5, 9, 33). 

The authors are indebted to Dr. Wm. R. Carroll and IMr. E. R. hlitchell 
for the ultracentrifugation and electrophoresis studies, to Dr. E. A. Peter- 
son and Dr. H. A. Sober for preliminarj' examination of enzjune prepara- 
tions b 3 ’' paper electrophoresis, and to Dr. M. Silverman and Dr. I. C. 
Gunsalus for the microbiological assa 3 ’’s for cofactors. 

STjXQIART 

In the presence of ribulose diphosphate and the carbox 3 dation 6023 ^ 10 , 
CO; is fixed in the carbox 3 d group of phosphoglyceric acid. With ribulose 
diphosphate-l-C^^ the isotope appears in the /3-carbon atom of phospho- 
glyceric acid. 2 moles of PGA are formed for each mole of ribulose di- 
phosphate added. No evidence for the reverse reaction has been obtained. 

The carbox 3 dation enzyme has been purified about 10-fold from spinach 
extracts. It behaves as a homogeneous protein (molecxilar weight about 
300,000) on ultracentrifugation and electrophoresis. It required the 
addition of divalent metal ions and sulfhydr 3 d compounds or chelating 
agents for full activity. No substrates other than ribulose diphosphate 
are utilized. 

The product has been identified as phosphogl 3 ’'ceric acid on the basis 
of chromatographic behavior, degradation, and eD 23 Tnatic anatysis. No 
evidence for enediol or 3-ketopentose intermediates in the reaction has 
been obtained. Triose phosphate is excluded as an intermediate. 

The r61e of the carboxylation 0023^6 in photosynthesis is discussed. 
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FORMATION OF 3 -PHOSPHOGLYCERIC ACID BY 
CARBON DIOXIDE FIX^VTION WITH SPINACH 
LEAF ENZ'i'TMES* 

Br WILLIAM B. JAKOBY.f DEWEY 0. BRUMMOND.t and 
SETORO OCHOA 

(From the Department of Biochemistry, New York University College of 
Medicine, New York, New York) 

(Receh-ed for publication, June 22, 1955) 

The work of Calvin and his coworkers ( 1 , 2 ) has established that 3 -phos- 
phogl3'ceric acid* is an earlj' product of photos3’'nthesis formed b3' a “dark” 
carbox3dation reaction. Studies of Fager ( 3 ) wth spinach chloroplasts 
have also demonstrated PGA formation as the result of a reaction of CO2 
with an unidentified acceptor. Horecker and Weissbach- were the first 
investigators to demonstrate the occurrence of a carboxylation reaction in 
soluble preparations of spinach leaf leading to the formation of carbox3d- 
labeled PGA, in the presence of C'^O* and ribose- 5 -phosphate, or to that of 
predominantl3' / 3 -labeled PGA in the presence of CO2 and ribose- 5 -phos- 
pbate-l-C*-*. 

Attempts in this laborator3’’ to determine whether soluble spinach leaf 
preparations would bring about a reversal of the Horecker reaction, t.e. a 
decarbo.x3dation or oxidative decarbox3dation of PGA, in the presence of 
possible “gl5"colaldeh3"de” acceptors such as triose phosphate and h3"drogen 
acceptors such as DPN+ or TPN+, gax^e negative results; there was no net 
production of CO2, or exchange of C *'*02 with PGA, under a variet3’- of ex- 
perimental conditions. In the course of these experiments it was noted 
that, in the presence of ribose- 5 -phosphate, the spinach preparations fixed 

* Aided by grants from the National Institute of Arthritis and Metabolic Diseases 
(Grant A-529) of the National Institutes of Health, United States Public Health 
Service, the American Cancer Society (recommended bj- the Committee on Growth, 
National Research Council), the Rockefeller Foundation, and by a contract (N6onr 
279, T. O. 6) between the Office of Naval Research and New York Universit 3 - College 
of Medicine. 

t Postdoctoral Fellow of the United States Public Health Service. Present ad- 
dress, National Institutes of Health, Bethesda 14, Marjdand. 

I Postdoctoral Fellow of The National Foundation for Infantile Paralj-sis, Inc. 

* The following abbreviations are used : PGA, 3-phosphoglyceric acid; ATP, adeno- 
sine triphosphate; ADP, adenosine diphosphate; DPN+, DPNH, TPN+, TPNH, oxi- 
dized and reduced di- and triphosphopyridine nucleotide respectively; Tris, tris(hy- 
droxjTneth 3 d)aminomethane. 

5 Presented by B. L. Horecker at Atlantic City, April, 1954, before the American 
Societj’ of Biological Chemists (4). 
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CO 2 to form 2 molecules of PGA per molecule of CO 2 utilized. With di- 
al 3 ’'zed enz 3 '-me preparations Ibis reaction was dependent on the presence 
of ATP and Mg++. Similar results were obtained independentl 3 ’- b 3 ’- Qua 3 de 
et al. (5), Weissbach ci al. (G), and Packer and collaborators (cf. (7)). Fur- 
ther work of Horecker and his coworkers (8-10) led to the identification of 
ribulose-1 ,5-diphosphatc as the CO 2 acceptor in PGA s 3 mthesis. This 
role of ribulose diphosphate had been postulated (2) and made likel 3 ^ (5) 
b 3 ’- Calvin and collaborat.ors. 

The present work has resulted in the separation from spinach leaf ex- 
tracts of soluble onz 3 ''me preparations catal 3 ’^zing the over-all Reactions 1 
and 2. 

(1) Ribose-5-phosphate -}- ATP — > ribulose-1 ,5-diphosphate -j- ADP 

(2) Eibulose-1, 5-diphosphate -}- CO2 -f- H2O — > 2 S-phosphogb’ceric acid 

These systems will be referred to for convenience as the kinase and the 
carboxylation systems respectivel 3 G As shown b 3 '- Horecker et al. (9, 10), 
Reaction 1 consists of (a) the reversible isomerization of ribose-5-phosphate 
to ribulose-5-phosphate, catal 3 'zed b 3 '- phosphoriboisomerase (11), and (&) 
the phosphoiylation of ribulose-5-phosphate b 3 ^ ATP, to form ribulose- 
1 , 5-diphosphate and ADP, catatyzed b 3 ’' phosphoribulokinase. 

The partial purification of enz 3 ’-mes concerned with Reactions 1 and 2 
and the identification of the reaction products are reported in this paper. 

Enzyme Assays 

Kinase — Since 1 mole of acid is produced per mole of ribulose diphos- 
phate formed, Reaction 1 was assayed manometrically b3^ measuring the 
evolution of CO2 in a bicarbonate buffer. The reaction mixture (in War- 
burg flasks) contained the following components (in micromoles) in a final 
volume of 1.0 ml.: KHCO3, 40; L-cysteine, 10; reduced glutathione, 4; 
MgCb, 10; ATP, 30; ribose-5-phosphate, 30; and an amount of enz3mie (in 
the side arm) which would bring about the evolution of from 10 to 100 pi. 
of CO2 in 15 minutes. Controls without ATP and without ribose-5-phos- 
phate were mn simultaneously Avith the experimental samples to correct 
for ATPase and phosphatase activities. ATPase actiAdt3^ was mostfy 
negligible, but there Avas some phosphatase activity on ribose-5-phosphatc. 
The flasks AA'ere gassed Avith a mixture of 95 per cent N2 and 5 per cent 
CO2 and equilibrated at 30°. The pH AA'as about 7.8. The reaction Avas 
started by tipping in the enz3’-me and folloAA’ed for at least 15 minutes. 
Within the limits mentioned the eAmlution of CO2 AA'as proportional to en- 
Z3mie concentration (Fig. 1, A). 1 unit of kina.se acth'ity is taken as the 

amount of enz3mie catalyzing the eA-olution of 1.0 pi. of CO2 per minute 
under the above conditions. 
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Carboxyladon Syslcm— The fixation of C'^0; was the basis of the car- 
boxylation system assay. The reaction mixture (in Warburg flasks) con- 
tained the following components (in micromoles) in a final volume of 1.5 
ml.: in the main compartment, Tris buffer, pll 7.3, 100; IxHCOj, 20; L-cys- 
teinc, 20; MgCh, 5; ATP, 5; kinase, 5 units; and sufficient carboxylase to 
bring about the fixation of 1000 to 15,000 c.p.m. of in 20 minutes; 
in the side arm, ribose-5'phosphate, 5; and NaiC'^Oj ^'dth 10® c.p.m. The 
flasks were gassed with 95 per cent Ni-5 per cent CO; and equihbrated at 
30® as in the kinase assay. The reaction was started by tipping in the con- 



Fig. 1. Assay of kinase and carboxylation systems. A, rate of carbon dioxide 
evolution from bicarbonate buffer as a function of kinase concentration. The initial 
extract used had a specific activity of 11.8. B, rate of C“0; fixation as a function of 
carboxylation enzyme concentration. The initial extract used had a specific ac- 
tivity of 13. 

tents of the side arm and stopped, after incubation tvith shaking for 20 
minutes at 30°, b 5 ' the addition of 0.5 ml. of 1.0 x h 3 'drochloric acid. 0.1 
ml. aliquots of the mixture were used for the determination of fixed radio- 
activitj'. Within the limits mentioned the fixation of was propor- 
tional to enz 3 Tne concentration (Fig. 1, B). 1 unit of carbox 3 dation ac- 

tivit 3 ' is taken as the amount of enz 3 Tne promoting the fixation of 1000 
c.p.m. of C '^02 in 20 minutes under the above conditions. 

Protein was determined spectrophotometricall 3 ' b 3 ' the method of War- 
burg and Christian (12). 

Deiemnnaiwn of 3-Phosphoglyceric Acid 

PGA was determined enz 3 TnaticaUy b 3 - either of two methods invobfing 
the use of phosphogb'ceric kinase. 
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In one of the mclhocls, liasod on llic work of ^-VNclrocl and Bandurski (13), 
the formation of the hj’-droxamic acid of 1 ,3-diphosphoglyceric acid is 
measured on incubation of PGA with ATP and phosphogl 3 ’’ceric kinase in 
the presence of hydrox 3 damine. The reaction mixture contained the fol- 
lowing components (in micromoles) in a final volume of 1.3 ml.: hydroxyl- 
amine, brought to pH 7.3, 200; MgClo, 5; ATP, 10; PGA, 0.2 to 1.5; and 
an excess of phosphogl 3 ’'ceric kinase. The samples were incubated for 90 
minutes at 37°, and the reaction was stopped b 3 '’ the addition of 3.0 ml. of 
the ferric chloride-trichloroacetic acid reagent of Lipmann and Tuttle (14). 
The colorimetric determination was carried out within 30 minutes. A 



/iM PGA 

Fig. 2. Assay of phosphoglyceric acid by hj^droxamic acid formation. Wave- 
length, 540 mfi. Details in the text. 

standard curve with known amounts of PGA must be obtained vdth each 
assa 3 '', as the formation of hydroxamic acid is not quantitative. Within 
the limits and under the conditions mentioned the color obtained was a 
linear function of the PGA concentration (Fig. 2). 

The other method is based on the spectrophotometric determination of 
the oxidation of DPNH in a coupled system containing PGA, ATP, phos- 
phogBmeric kinase, DPNH, triosephosphate deh 3 '’drogenase, triosephos- 
phate isomerase, and a-gbmerol phosphate dehydrogenase (Reactions 3 to 
6). The net result is Reaction 7. Under these conditions, 2 moles of 
DPN+ are formed per mole of PGA present. 

(3) 3-Pliosphogb'ceric acid -p ATP 1,3-diphosphoglyceric acid -f- ADP 

(4) 1,3-Diphosphogb'eeric acid 4- DPNH -f H+ 3 -phosphoglyceraldehyde 

-f- orthophosphate -j- DPN’*' 




JAKOBY, BRTJMMOJTD, AND OCHOA 


815 


(5) S-Phosphoglyccraldehyde dihydroxyacotone phosphate 

(6) Dihydroxyacetonc phosphate + DPKH + H+^a-glycerol phosphate + DPN-*- 

(7) 3-Phosphoglyceric acid -f ATP + 2DPXH + 2H+ a-glycerol phosphate 

J- orthophosphate + 2DPN+ 

The assay was conducted in a cell of 1.0 cm. light, path and 1.0 ml. vol- 
ume in the Beckman spectrophotometer. The constituents (in micro- 
moles) of the reaction mixture, in a final volume of 1.0 ml., consisted of the 
following; Tris buffer, pH 7.3, 100; AlgCl!;, 3; L-cysteine, 5; ATP, 2.5; 
DPNH, 0.07; PGA, not exceeding 0.03; and excess of the enzymes detailed 
above. 


Enzyme Fractionation 

Large, turgid spinach leaves, trimmed of large veins, were washed and 
ground in a vegetable juice extractor. The juice was filtered through two 
layers of cheese-cloth, and 10 ml. of a neutralized solution of ir-C5'steine 
(15 mg. per ml.) were added per 100 ml. of juice. All subsequent opera- 
tions were performed at 0°. The juice was adjusted to pH 7.3 uith 1.0 
N KOH and centrifuged for 40 minutes at 16,000 X g. The resultant 
supernatant fluid uill be referred to as the extract. 

To the extract was added solid ammonium sulfate until 0.2 saturation 
was reached. The precipitate was discarded and further ammonium svd- 
fate added to 0.4 saturation. The precipitate was dissolved in one-quarter 
of the original extract volume of 0.05 m Tris buffer, pH 7.2, which was 0.01 
M with respect to cj'steine. 

Kinase System — ^The carboxylation system is inactivated by acetone, 
while the kinase sj-^stem may be obtained in good yield by fractional pre- 
cipitation with this reagent. To the solution of the 0.2 to 0.4 ammonium 
sulfate precipitate was slowly added pre\’iously cooled (—30°) acetone 
until a concentration of 30 per cent (volume per volume) of acetone was 
reached. The addition of acetone was begun at —1°, the temperature be- 
ing gradually lowered to —5° during the course of the addition. The pre- 
cipitate was removed by centrifugation at —5°, and acetone was added to 
the supernatant fluid until a concentration of 50 per cent was reached. 
The precipitate obtained after centrifugation at —5° was suspended in 
one-fifteenth the volume of the original spmach extract of 0.05 Tris 
buffer, pH 7.2, containing 0.01 xi cysteine. This suspension was dial 3 ’^zed 
against 20 volumes of the same buffer. Dialj'sis was continued for a total 
of 3 hours, after which the protein suspension was centrifuged and the resi- 
due discarded. The supernatant solution contains phosphoriboisomerase 
and phosphoribulokinase. An outline of the results of this fractionation 
is presented in Table I. It is of interest to note that crude extracts of 
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spinach petioles carefu]l.y freed of leaf tissue contain an abundance of kinase 
S 3 ’'stem with lil.tle carboxTlaiion aclivity, 

Carhoxyla/ion System — The solution of the 0.2 to 0.4 ammonium sulfate 
precipitate was brought to pH G.-S with 1.0 n acetic acid. Aliquots of 20 
ml. Avere quicklj’- heated to 56° in stainless steel centrifuge cups and kept 
at this temperature for 3 minutes Avith stirring. The precipitated protein 
was remoAmd hy centrifugation and the pH of the supernatant solution ad- 
justed to 6.7. 

Chilled (—30°) 95 per cent ethanol was sloAvly added AAuth stirring to the 
supernatant solution of the prcAdous step until a concentration of 22 per 
cent (volume per volume) Avas reached. The precipitate was removed by 
centrifugation at —5° and the ethanol concentration increased to 30 per 
cent. During the addition of ethanol the temperature was gradually low- 
ered to —4° at 22 per cent concentration and —8° at 30 per cent concen- 

T.\ble I 


Fractionation of Kinase Siislcm 


Step 

A''olume 

Protein 

Units 

Specific 

activity* 

A’'ield 


ml. 

1 

>»«• 

i 


per cciil 

E.\tract 




9 


(NH4)2S04 ppt. (0.2-0.4) 




13 


Acetone ppt. (30-50%) 

10 

IQI 


138 



* Units per mg. of protein. 


tration. The precipitate obtained betAA^een 22 and 30 per cent ethanol Avas 
dissolved in one-tenth the original spinach extract Amlume of 0.02 jM Tris 
buffer, pH 7.3. 

The solution of the ethanol precipitate Avas brought to pH 6.5 AA'ith 1 .0 
N acetic acid, and 1.2 volumes of calcium phosphate gel (25 mg. of calcium 
phosphate per ml.) Avere added per 100 mg. of protein. After stirring foi 
10 minutes, the gel aa^s collected bj'’ centrifugation and the supernatant 
solution AA’^as discarded. The gel AA'as AA'ashed once AA'ith distilled Avater and 
eluted AAuth an amount of 0.1 u Tris buffer, pH 7.3, equal to twice the vol- 
ume of the added gel suspension. This eluate contains the carboxylation 
system AA’ith a specific activity 20 times higher than that of the extract. 
It also contains phosphoriboisomerase, but is free of phosphoribulokinase. 
The results of a typical fractionation are shoAvn in Table II. 

Reaction Products and Stoichiometry 

Kinase — A mixture of 1.0 mmole of ATP, f.O mmole of ribosc-5-phos- 
phate, 1.0 mmole of MgCh, and 2.0 mmoles of n-cysteme Avas men bated 
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with a carboxylasc-frec kinase preparation for 30 minutes at 30°. The 
final volume was 100 ml.; the ATP, ribose-5-phosphatc, and cysteine had 
previously been brought to about pH 8.0. At the end of the incubation 
the reaction mixture contained two chromatographicaliy distinct compo- 
nents, each of which produced 2 moles of PG.\ per mole of C'^Oa incorpo- 
rated when assayed with the kinase-free carboxylase sj'stem. The reaction 
mixture was added without deproteinization to a Dowex 1-chloride column 
(0.8 X S.O cm.) and the resin eluted first ■with 0.1 M KCl. The major CO 2 - 
fixing compound appeared in the fifth and sixth 100 ml. effluent fractions. 
This material contained organic phosphate, which was quantitatively lib- 
erated by phosphatase (15), and a ketose. After treatment with phos- 
phatase the compound liberated 2 moles of phosphate per mole of ketose; 
the latter was deternuned bj" the cj'steine-carbazole reaction (16), with 


Table II 

Fractionation of Carhoxylation System 


Step 

Volume 

Protein 

Units 


Yield 

Extract 

ml. 

270 

S420 

79,100 

9 

per eer.S 

100 

(IvH«):SO« ppt. (0.2-0.4) 

64 

2200 

53,600 

25 

68 

Heat step supernatant fluid 

61 

1170 

47,800 

41 

60 

Ethanol ppt. (22-30%) 

25 

184 

24,900 

135 

32 

CaitPOili gel eluate 

18 

92 

18,000 

198 

23 


* Units per mg. of protein. 


ribulose as standard, after enz 3 Tnatic dephosphorjdation. The absorption 
spectra of the colored compounds formed bj' the unknown ketose and 
authentic ribulose were identical. The isolated compound, therefore, ap- 
pears to be the same as that described bj'- Horecker, Humritz, and Weiss- 
bach (10) as ribulose-1 , 5-diphosphate. 

The second component was eluted with 0.2 xi KCl-0.015 n HCl and was 
found to contain approximatelj' 20 per cent as much ketose as the first. 
This compound has not been further identified. 

Carboxylation System — ^PGA was identified as the product of the CO 2 
fixation reaction through isolation from a reaction mixture incubated with 
C'^Oo. A dialyzed ammonium sulfate fraction of spinach, containing both 
the kinase and carboxjdation sj^stems, was incubated x\-ith the following 
components (in micromoles) in a final volume of 20 ml.: Tris buffer, pH 
7.3, 1200; ribose-5-phosphate, 150; iMgCb, 100; ATP, 150; and XaHCOs 
(containing 3 X 10" c.p.m. of C“), 30. The incubation time was 100 min- 
utes and the temperature 30°. The reaction mixture was deproteinized 
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with 5 ml. of 10 per cent trichloroacetic acid. The fixed radioactivity in 
the prolein-frcc supernatant solution amounted to 2.6 X 10^ c.p.m. 855 
jumoles of PGA were added to this solution as inert carrier, and the cr5'^s- 
talline acid barium salt of PGA was prepared and isolated as described 
by Ncuberg and Lustig (17) with some modifications.^ After four re- 
crystallizations the specific radioactivitj’’ of the PGA remained constant 

Table III 

Analylical Data of Isolated C^*-PGA 

Analj'ses performed on a sample of the cr3’’stalline acid barium salt dried to con- 
stant weight in vacuo over PjOs at 50°. 


Inorganic phosphate, % 

0.16 

Organic phosphate, % 

S.SS* 

[ajo'' of molj’bdate comple.x, degrees 

-733t 

Specific radioactivity of PGA, c.p.m. per fxmole 

2.6 X 10‘ 

“ “ “ “ carbo.X3'l, c.p.m. per ftinole 

2.6 X 10‘ 



* Calculated for C3H607PBa(2H20), 8.7 per cent, 
t Found bj'- Mej^erhof and Schulz (IS), —745°. 


Table IV 

Stoichiometry of Carhoxylation Reaction 


Experiment 

No. 

Substrate 

C'Oj incorporated 

PGA formed 



nmoles 

nmoles 

1 

Ribose-5-phosphate 

0.885 

1.68* 




1.78t 

2 

Ribulose diphosphate! 

0.649 


3 

<( <( 

1.07 

2.02t 


* Determined by the hydroxamic acid method. 

f Determined by the spectrophotoraetric method. 

J This material is the compound described in the text as the major product of the 
kinase sj^stem. Kinase and ATP were not present in Experiments 2 and 3. 

at 26,000 c.p.m. per pmole. The jdeld of crystalline acid barium salt 
(dried to constant weight in vacuo over CaCh) at this stage was SO mg. 
For C3H607PBa(2H20) (mol. wt,, 357.5) this corresponds to 224 pmoles 
of PGA. The material, which was essentially free of inorganic phosphate, 
contained 1 mole of bound phosphate per mole of PGA, and the molybdate 
complex (18) had the expected rotation. 4.1 per cent of the csterified 
phosphate was released on hydrolysis in 1.0 n HCI for 3 hours at 100 . 

3 S. Ratner, unpublished. We are indebted to Dr. Ratner for the details of her 
method. 
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The analytical data are given in Table III. An aliciuot of the labeled PGA 
was degraded with lead tetraacetate in glacial acetic acid in a Warburg 
manometric flask, and the CO: thus liberated was absorbed by potassium 
hydroxide in the center well. 1 mole of CO; was evolved per mole of PGA. 
The specific radioactivities of the resulting Na;C03 and the starting PG.A. 
were equal on a molar basis (Table III). Thus, it appears that the product 
of the carbox3-lation reaction is d(— )3-phosphoglj'ceric acid and that the 
CO: incorporated is present exclusivelj" in the carboxj'l group. 

The stoichiometr3' of the carbox3'lation reaction was investigated b3' 
comparing the amount of C'^0: fi-xed with the amount of PGA formed. 
The reaction was carried out as in the standard carbox3'lase assa3', except 
that the mixture was incubated in an atmosphere of helium. In a control 
flask the reaction was stopped ^\'ith acid at zero time to determine the spe- 
cific radioactivit3' of the C’^O; initialh' present. The results, summarized 
in Table H’’, show that 2 moles of PGA are formed per mole of CO: incorpo- 
rated, in agreement with Eeaction 2. 

DISCTJSSIOX 

It appeared possible that Reaction 2 might be the result of Reactions S 
to 10. Reaction 8 bears some similarit3' to certain reactions catah'zed b3* 
transketolase (19, 20), while an enz3'me, D-gl3-ceric deh3'drogenase, catal3'z- 

(8) Ribulose-ljS-diphosphate COs — ♦ pliosphoh\'dros3-pjTuvate -b 

3-ph osph oglj-ceraldeh.vde 

(9) Phosplioh 3 'droxj-pjTuvate TPNH (DPNH) H’’' — » 

S-phosphogb'cerate TPN'^ (DPN'^) 

(10) S-Phosphogb'ceraldehj'de -f- orthophosphate -p TPN"^ (DPK’+) -f ADP 

3-phosphogljxerate TPNH (DPNH) -f ATP 

ing the reduction of h3"drox3T)3Tuvate b3’- DPNH to D-gl3xerate, a reaction 
analogous to Reaction 9, is widel3' distributed in higher plants and par- 
ticularly active in green leaves (21). However, neither a DPN- (22) nor 
a TPN-specific (23) D-3-phosphogl3xeraldeh3’'de deh3’-drogenase, an enz3Tne 
required for the above sequence, was found in the purified carbox3dation 
s3"stem preparations from spinach. These preparations did contain a 
TPK-specific 3-phosphogl3xeraldehyde deh3"drogenase which required no 
orthophosphate and was not stimulated by arsenate (24), but its acti-vit3^ 
was too low to account for the PGA-synthesizing actmt3^ of the spinach 
enzyme. As regards n-g^xeric deh3'drogenase. Pager (3) has pointed out 
that the enzyme was not present in those spinach fractions which he found 
most effective in fixing CO; into PGA. 
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An al1cl•nati^'o mechanism proposed In’- Calvin (25), involving the ene- 
diol of rihiilose-t ,5-cliphosphate, is presented. Whether the reaction ac- 


CH2OP 

i 

c=o 

I 

CHOH 

I 

CHOH 

1 

CH2OP 


ClliOP 0 

I 1 

c— on + -0— c+ 

C— OH ; 

I 

CHOH 

1 

CH2OP 


0 CH:OP 

1 I 

HO— C— C— OH 

I 

c=o 

I 

CHOH 

1 

CH:OP 


+ HjO 2CH2(0P) 

I 

> CHOH 

I 

CO OH 


tuall}'- proceeds in separate steps catal 3 ’-zed b}’- distinct enzj'-mes cannot be 
decided from our data. 

As indicated by its apparent irreversibilit 3 ’-, the carbox 3 dation reaction 
must proceed -with a large negative free energ 3 ’' change which must be 
largely contributed by the cleavage of the bond between carbons 2 and 3 
of ribulose diphosphate. The biological significance of this unique feature 
in CO 2 fixation reactions is obvious, as it insures the rapid and efficient 
utilization of CO 2 by autotrophic organisms at the low prevailing tensions 
of this gas. The carboxylation s 3 ’-stem deseribed here is not the exclusive 
property of green cells, since the occurrence of Reactions 1 and 2 in extracts 
of a strain of Thiohacillus, a non-photosynthesizing autotroph, has been 
established in joint experiments with M. Santer and W. ^fishniac. 

The carboxylation leading to PGA is a “dark” reaction, and the only 
effect of light in the case of green cells (or of the oxidation of inorganic 
compounds in other autotrophic organisms) is to provide hydrogens for the 
reduction of PGA to the carbohydrate level, i.e. to triose phosphate. Since 
this reaction involves phosphoglyceric kinase (Reaction 3) and D-3-phos- 
phoglyceraldehyde dehydrogenase (Reaction 4), the demonstration of the 
photochemical reduction of pyridine nucleotides b 3 '- chloroplast prepara- 
tions (26) and of the phosphorylation of ADP (also essential for the phos- 
phoribuloldnase reaction) through the oxidation of photochemicalb’’ re- 
duced pyridine nucleotides (27) or other intermediates (28) provides the 
required link with the photochemical reaction. 

It is of interest that, as postulated by Gaffron and Fager (29), the car- 
boxylation leading to PGA is the only carboxylation necessary for a com- 
plete photosynthesis (or chemosynthesis) cycle. In the light of present 
knowledge the CO 2 acceptor, ribulose diphosphate, can be regenerated 
from triose and hexose phosphates through reactions involving, besides 
aldolase and phosphotriose isomerase, fimctose diphosphatase, transketo- 
lase, transaldolase, phosphoriboisomerase, and phosphoribuiokinase (7, 9, 
10, 19, 20, 30-32), all of which appear to be widely distributed in nature. 
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Materials and ^^clhods 

The erystalline acid barium salt of D-3-phosphog],vccric acid, kindl\' 
supplied by Dr. S. Ratiier, was used as a reference standard. Ribulosc 
was prepared by the method of Glatthaar and Reichstein (33). All other 
compounds were obtained commerciallj*. 

Phosphoglyeeric kinase from yeast was prepared as described b}' Bucher 
(34). The preparation, which was brought to the stage prior to the addi- 
tion of alumina gel, was contaminated with sufEcient a-gh'cerol phosphate 
dehydrogenase and phosphotriose isomerase to be utilized for the spectro- 
photometric assay of PGA described in a pre\dous section. For use with 
the hydroxamic acid assay, phosphoglyeeric kinase was prepared from pea 
seeds by the method of Axelrod and Bandur-ski (13). Crj'stalline d- 3- 
phosphogl3’ceraldeln*de dehydrogenase (35) was prepared from rabbit mus- 
cle b}' Dr. i\I. Schwartz. Assaj's for 3-phosphogb'ceraldeh3'de deh3'dro- 
genase were carried out spectrophotometricall3' in the presence of arsenate 
with fructose-1 ,6-diphosphate and aldolase as a source of D-3-phospho- 
gl3'ceraldeb3'de. Cr3’stalline aldolase (36) was a gift of Dr. E. Racker. 

Radioactivity was determined b3’- plating samples on aluminum plan- 
chets containing disks of lens paper embedded in agar. The samples were 
dried under an infra-red lamp and counted with a windowless gas flow 
counter. Organic phosphate was converted to orthophosphate b3’ ashing 
as described b3' LePage (37) and orthophosphate determined b3' the 
method of Lohmann and Jendrassik (38). 

SUAMARY 

Two soluble enz3^me preparations have been obtained from spinach leaves 
catal3’zing (a) the formation of a ketopentose phosphate, characterized as 
ribulose diphosphate, from ribose-5-phosphate and adenosine triphosphate, 
in the presence of magnesium ions, and (b) the reaction of ribulose diphos- 
phate with C'’02 to form n-S-phosphogh-ceric acid-l-C“. 2 molecules of 
phosphoglyeeric acid are formed per molecule of CO2 utiHzed. No indica- 
tions could be obtained for reversibilit3’- of this reaction. The euz3Tnes 
concerned with reactions (a) and (b) have been separated from each other 
and partial^" purified. However, the work of Horecker and coworkem 
shows that reaction (a) consists of the isomerization of ribose-5-phosphate 
to ribulose-5-phosphate and the phosphor3iation of the latter 63- adenosine 
triphosphate catalyzed b3- two distinct enz3’mes. The mechanism and sig- 
nificance of the carbox3iation reaction are discussed. 
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ENZY^IATIC REACTIONS OF FLUOROACETATE >VND 
FLUOROACETYL COENZYME A* 

Br ABB AH AM MARCUSf and W. B. ELLIOTT 

(From the Department of Biochemistry, University of Buffalo School of 
Medicine, Buffalo, New York) 

(Received for publication, June 13, 1955) 

The toxic effect of fluoroacetate gencrallj' has been considered to be due 
to the formation of fluorocitrate in vivo (2-1), resulting in aconitase in- 
hibition. Recentlj^, Peters ct al. (5) isolated a fluorotricarboxj-lic acid 
from kidnej' homogenates incubated with fumarate and fluoroacetate. 
Peters and Wakelin established its identitj’^ as fluorocitrate (6), bj' com- 
parison Avith the sjmthetic compound. However, fluorocitrate S 3 Tithesis 
in a partiallj’ purified enzjTOe sj^stem could not be demonstrated (7). 

In the experiments to be described, we have investigated (a) the actiA'a- 
tion of fluoroacetate and Qf) the enzjunatic actiAuty of FAc-CoA.^ The 
results indicate that the metabolic pathAvaj^ of fluoroacetate is similar to 
that of acetate. 


Materials and Methods 

Fluoroacet}"! chloride was prepared b}’’ treating sodium fluoroacetate 
AA-ith PCI 5 ( 8 ) and redistilling the product through a packed column. The 
fraction that distilled at 69.5-70.0° was treated further (9) Avith sodium 
fluoroacetate (dried in vacuo OA^er H 2 SO 4 ) to jdeld fluoroacetic anh 3 ’’dride 
(b.p. 88.5-90.0° per 11 nun,). A portion of the anh 5 ’'dride was conAmrted 
to fluoroacethydroxamic acid and compared in ascending chromatography 
Avith acethydroxamic acid. In each of seAmral soh'-ent sj'stems studied, 
fluoroacethydroxamic acid migrated more slowly. The best separation 
was attained in phenol-H20 (3:1) in which fluoroacethj’-droxamic acid 
migrated Avith an Rp of 0.76 while the Rp for acethj'-droxamic acid was 
0 . 86 . 

* Portions of the data in this paper are taken from a thesis submitted by A. Marcus 
in partial fulfilment of the requirements for the degree of Master of Arts in Biochem- 
istry in the Graduate College of the University of Buffalo, May 3, 1954. This work 
was supported in part by a grant from the central research fund of the University. 
A preliminary account has been given (1). 

t Research Fellow of the National Heart Institute, Public Health Service. 

' The following abbreviations are used: Ac-CoA, jS-acet 3 'l coenzj-me A; FAc-CoA, 
S-fluoroacetj-1 coenzj-me A; — SH, free sulfhj'drjd; Ac, sodium acetate; FAc, sodium 
fluoroacetate; ATP, adenosine triphosphate; CoA, coenzj-me A; Tris, 2-amino-2- 
(hj'droxymethjd)-l, 3-propanediol; P, product of reaction. 
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Ac-CoA and FAc-CoA ■were prepared from their respective anhydrides 
by a modification (10) of the method of Simon and Shemin (11). The 
products ■were extracted ■with ether several times and immediately lyophi- 
lized to give a ■white powder. Both CoA derivatives were determined by 
hydroxamic acid formation (12, 13) and liberation of — SH on alkaline 
hydrolysis (14). Standard acethydroxamic acid was prepared from acetic 
anhydride and checked against a similar preparation from acetamide. 
Cysteine hydrochloride was used as a standard in the — SH determinations. 
The FAc-CoA preparation contained considerable free — SH which in- 
creased slowly upon standing at 3°. Similar instability has been reported 
for FAc-CoA prepared by another method (15). The absorption curve 
for FAc-CoA appeared to be identical with that of Ac-CoA as given by 
Stadtman (16). 

In all the enzyme studies, 0.02 M sodium or potassium bicarbonate 
extracts of pigeon liver acetone powders were used (17). The extracts 
were fractionated with (NPl 4 ) 2 S 04 (18), acetone, and protamine (19) as 
indicated in the respective experiments. The fractions were dialyzed 
against 1000 volumes of 0.02 m NaHCOz-0.002 m cysteine-0.05 per cent 
KCl adjusted to pH 8.0 by addition of Na 2 C 03 . 

Sulfanilamide was determined according to Bratton and Marshall (20), 
and p-nitroaniline acet 3 dation was followed spectrophotometrically by 
decrease in absorption at 420 m/i (21). Protein was estimated by a 
modification of the Folin-Ciocalteu method (22). 

Citrate and “fluorocitrate” were determined by a modification of the 
method of Saffran and Denstedt. After incubation, the residual oxalace- 
tate was destroyed by heating the mixture in a water bath at 90° for 5 
minutes. Trichloroacetic acid was added to bring the final concentration 
to 5 per cent and the precipitated protein was centrifuged. Suitable 
aliquots were analyzed as described (23), each determination being con- 
trolled by appropriate blanks and citrate recoveries in the expected range. 

ATP (95 per cent. Nutritional Biochemicals Corporation) and CoA 
were obtained commercially. In the synthesis of acetyl and fluoroacetyl 
coenzyme A a preparation (Pabst) containing 1 //mole of CoA per mg. 
(24) was used. In all other experiments, a porcine liver CoA concentrate 
(Ai’mour) assayed at 13 Lipmann units per mg. was used. We are in- 
debted to the Monsanto Chemical Company for gifts of technical sodium 
fluoroacetate (Compound 1080). 


Results 

Aciivaiion of Fluoroacetate 

■Wfiien fluoroacetate was added in the sulfanilamide-acetjdating .sys- 
tem, the increase in amine acetylation indicated that fluoroacetate ■\\as 
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activated, prcsuniatily with tlic formation of FAc-CoA (Table I). The 
amount acetylated increased with increasing fluoroacetatc concentration 
up to a limiting value. In contrast to acetate, high concentrations of 
fluoroacetatc are required to yield significant acylation. Similar results 
were obtained for the formation of lu'droxamic acid (Table II) M-ith 
cither crude (^Monsanto) or purified fluoroacetatc (25). 

In experiments in which the substrate concentration was kept below 
that giving maximal acetylation, glutathione was more effective than ej's- 
teinc in promoting acetylation (Table III). Since glutathione has been 
shown to serve as a .stable acetyl acceptor (26), its enhancement of the 


Table I 

Acetylation of Sulfanilamide 


Experiment Xo. and additions 

Amount acelyUtcd 

Excess over blank 


fimolfs 

7 

T 

I. Kone 


12.5 

1 

“ Ac 

1 

39.3 

26.8 

(( (C 

4 

44.5 

32.0 

tt C( 

20 

47.5 

35.0 

(< C( 

30 

47.S 

35.3 

II. None 


33.6 


“ FAc 

20 

37.9 

4.3 

ti tc 

40 

44.5 

10.9 

ti n 

60 

49.8 

16.2 

it if 

SO 

49.5 

15.9 


All tubes contained 69.0 y (0.4 /imole) of sulfanilamide, 20 ^imoles of citrate, 4 
fimoles of ATP, 20 pmoles of cysteine, 7.7 units of CoA, 0.3 cc. of pigeon liver extract, 
and lOO/jmoles of Tris buffer (pH 8.1). Incubated for 90 minutes at 30°. 


reaction may involve storage of the “activated” acetate to be subsequentlj"- 
released to the amine-acetjdating system. 

Activation of fluoroacetatc in “citrate” sjuithesis was demonstrated in a 
35 to 70 per cent (NH 4 ) 2 S 04 fraction (18) of pigeon liver (Table As 

in the amine acetylation, this reaction with fluoroacetatc seemed to parallel 
that of acetate, with the exception that high concentrations of CoA and 
ATP were required for significant actmty. 

Fluoroacetyl Coenzyme A 

Since the experimental evidence indicated that fluoroacetate underwent 
both carboxyl and methjd activation, it appeared desirable to test the 
action of FAc-CoA with fractionated enzj-me preparations. Fig. 1 shows 
a comparison of Ac-CoA and FAc-CoA in the acetylation of p-nitroaniline 
with a 48 to 78 per cent acetone fraction of pigeon liver. An optical 
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density decrease of 0.150 is equivalent to 0.025 ^mole acetylated. Addi- 
tion of Ac-CoA at zero time (Curve B) gave 58 per cent acetylation (rela- 
tive to Ac-CoA concentration). Further addition of enzyme increased 
the acetylation to 71 per cent, indicating that the substrate was not a 


Table II 

Hydroxamic Acid Formation 


Experiment No. and additions 

Hydroxamic acid 

Excess over blank 


timoles 

motes 

livioUs 

I. None 


1.92 


“ Ac 

50 

4.95 

3.03 

Ct H 


5.04 

3.12 

“ FAc 

50 

2.40 

0.48 

(( (< 

100 

2.62 

0.70 

(( 

150 

2.70 

0.78 

II. None 


1.01 


“ Ac 

50 

3.39 

2.38 

“ FAc 

50 

1.35 

0.34 

“ “Purified” FAc 

40 

1.22 

0.21 


All tubes contained 750 /imoles of h 3 ’-droxylamine (neutralized with KOH to pH 
7.0) and 320 ^moles of Tris buffer (pH 8.1). In Experiment I the additions were 50 
/L«moles of MgCh, 50 units of CoA, 30 mmoles of ATP (15 ^umoles at zero time and 15 
jumoles at 30 minutes), 40 /xmoles of glutathione (20 /jmoles at zero time and 20 //moles 
at 30 minutes), 0.35 cc. of pigeon liver extract, and water to a final volume of 1.85 
cc. Incubated 150 minutes at 25°. In Experiment II, the additions were 25 //moles 
of MgCla, 20 units of CoA, 16 //moles of ATP (8 //moles at zero time and 8 //moles at 
30 minutes), 30 //moles of glutathione (15 //moles at zero time and 15 //moles at 30 
minutes), 0.20 cc. of pigeon liver extract, and water to a final volume of 1.6 cc. In- 
cubated for 120 minutes at 28°. 


Table III 


Effect of Glutathione on Acetylation 


Experiment No. and addi- 
tions (30 //moles each) 

Amount acetylated 

A 

With 20 //moles cysteine 

With 20 //moles glutathione 


7 

7 

7 

I, None 

31.8 

35.4 

-b3.6 

“ Ac 

42.2 

43.2 

4-1.0 

“ FAc 

34.9 

39.6 

4-4.7 

II. None 

40.4 

57.5 

4-17.1 

“ Ac 

67.4 

68.4 

4-1.0 

“ FAc 

50.8 

62.2 

4-11.4 


Conditions as in Table I except for Experiment II in which 50 per cent higher 
quantities of sulfanilamide and citrate were used. 
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Table IV 

Fluoroncclalc in Citrate Synthesis 


Experiment Xo. and additions 
(50 ^molcs each) 

“Citrate** formed 

! Excess over bbnk 


firtpfcs 

firroles 

I. None 

0.49 


“ Ac 

0.94 

0.45 

“ FAc 

0.52 I 

0.03 

II. None 

0.31 


“ Ac 

1.S2 

1.51 

“ FAc 

0.49 

O.IS 


All tubes contained 10 pmolcs of glutathione, lOpmoles of MgCl:, 10 units of CoA, 
25;imoles of oxalacetic acid. In Experiment I other additions ■n-ere opmoles of ATP, 
35 to 70 per cent (lvH«):SO< fraction (3.7 mg. of protein), and water to a final volume 
of 1.1 cc. All components were ncutr.alized to pH 7.0 with IvOH. In Experiment 
II other additions were 15 /zmoles of ATP, 240 pmoles of Tris buffer (pH S.O), 
(NH<);SO< fraction (5.5 mg. of protein), and water to a final volume of 1.3 cc. In- 
cubated for 90 minutes at 25°. 




Fig. 1 Fig. 2 

Fig. 1. Acetylation of p-nitroaniline. The samples contained 200 /imoles of phos- 
phate buffer (pH 6.8), 5/jmoles of sodium thioglycolate, 5 /imoles of ethjdenediamine- 
tetraacetic acid (titrated with NaOH to pH 8.2), 0.10 ^mole of p-nitroaniline, 0.05 
cc. of enzyme (A78) equivalent to 10 mg. of liver powder, and water to a volume of 1 .0 
cc. Temperature 25°. Curve A, reaction started by ading 0.038 pmole of FAc-CoA. 
At Arrow 1, addition of 0.05 cc. of enzj-me; at Arrow 2, addition of 0.0215 ^mole of 
Ac-CoA. Curve B, reaction started by adding 0.043 ;imole of Ac-CoA. At Arrow 3 
addition of 0.05 cc. of enzjTne; at Arrow 4, addition of 0.019 /imole of FAc-CoA. All 
optical density readings are corrected for dilution after additions. 

Fig. 2. Acetylation of sulfanilamide with var 3 dng concentrations of FAc-CoA. 
All conditions are as in Fig. 1, except for the replacement of p-nitroaniline by 0.1 
umole of sulfanilamide. Incubated for 60 minutes at 25°. 
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limiting factor. AVhen the reaction reached apparent equilibrium, FAc- 
CoA was added, Mdiereupon acjdaiion continued, demonstrating that the 
enzjmie concentration was not limiting. The reactions were then carried 
out in reverse order (Curve A). In this case FAc-CoA acylated 34 per 
cent and increased to 41 per cent on addition of enz 3 '’me. Subsequent 
addition of Ac-CoA continued the reaction. The amount acetylated was 
found to be directl}’’ proportional to the concentration of FAc-CoA (Fig. 
2), provided the enz 3 '’me concentration Avas constant. 

Activity in “citrate” synthesis Avas tested AAuth Fraction A-40 (30 to 40 
per cent acetone) of pigeon liAmr. Acetoacetate-S 3 mthesizing enzyme was 
removed by precipitation AAuth protamine (19). As in the amine acet 3 da- 
tion reaction, FAc-CoA AAms far more actiAm in “citrate” synthesis (Table 
V) than AAms suggested from the activation experiments. 

Table V 


Pluoroacetyl Coenzyme A in Citrate Synthesis 


Experiment No. and additions 

“Citrate” formed 


It mole 

Itv'olc 

I. Ac-CoA 

0.27 

0.19 

“ None 



II. FAc-CoA 

0.38 

0.16 

“ None 




All tubes contained 25^imoles of phosphate buffer (pH 7.3), 8;tinoles of oxalacetic 
acid (neutralized with KOH to pH 7.4), citrate-synthesizing enzyme (0.9 mg. of 
protein), and water to a total volume of 0.5 cc. Incubated for 30 minutes at 25°. 


DISCUSSION 

FAc-CoA appears to be an active intermediate in fluorocitrate synthesis. 
The slightly decreased actiAuty (relathm to Ac-CoA) in amine acet 34 ation 
is due, at least in part, to the presence of large amounts of free CoA m 
the preparations. Brady has independently demonstrated similar reac- 
tiAdt 3 ’’ of FAc-CoA, extending his studies to seAmral additional CoA- 
mediated transfers (27). The degree of activation of free Ruoroacetate is 
less than might be expected from the reactivity of FAc-CoA. 

Neither Ac-CoA nor FAc-CoA afforded quantitatiAm ac 3 dation of p~ 
nitroaniline. Since the reaction is resumed AAuth addition of cither cnz 3 mie 
or substrate, it is clear that neither enz 3 '-me nor .substrate is destro 3 ’’ed, nor 
is the effect due to a reaction equilibrium. The remaining po-ssibilit}" is 
product inhibition. This seemed quite likebv, since Tabor c( ciL (21) founi 
that CoA decreases the rate of the acet 3 dation reaction. Further reaction 
with addition of sub.strate requires that the inhibition be reversible, ?.c. 
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(1) E + Sj=iES-»E + P 

(2) P + E ;=i EP 

The initial reaction proceeds until the product to sidistrate ratio is such 
that not enough free enzyme is available to give a significant reaction; 
i.c., the equilibrium of Reaction 2 is far to the right. At this point, if the 
enzjTiie concentration is inercased, the reaction continues until a new 
product to substrate ratio has been reached. Further addition of sub- 
strate renews the reaction until the same product to substrate ratio is 
restored. shoum in Fig. 1, when FAc-CoA was added to the tube 
prc^riously containing Ac-CoA, the acetylation proceeded to 51 per cent 
(based on FAc-Co.\ concentration). Convei-sel}', when Ac-CoA was 
added to the tube previous!}' containing FAc-CoA, acetylation proceeded 
to 61 per cent (relative to Ac-CoA concentration). The cross-addition 


Table VI 

Additive Reactions of Ac-CoA and FAc-CoA in Amine Acetylation 


Order 

Erperiment A j 

j Experiment B 

Addition 

Per cxnt 
acet> lated 

Addition 

Per cent 
acetylated 




fxmoJe 


Primary 

Ac-CoA, 0.04.3 

71 

FAc-CoA, 0.038 

41 

Secondarj' 

FAc-CoA, 0.019 

ol 

Ac-CoA, 0.0215 

61 


Data calculated from Fig. 1. 


experiments demonstrate that there was no inhibition of the Ac-CoA 
reaction by FAc-CoA and that both substrates react additively. A com- 
pilation of the data taken from Fig. 1 is presented in Table AT. 

By the theoretical considerations noted above, secondary’' addition of 
either Ac-CoA or FAc-CoA should give a similar “per cent acetylated” as 
in primary addition. That this is true can be seen from the fact that the 
total “per cent acetylated” on primary addition exactly’- equals that of 
secondary addition. The greater acetylation "u-ith FAc-CoA upon second- 
ary’ addition (Experiment A) relative to primary’' addition (Experiment 
B) is apparently an effect of the total substrate, i.e. residual Ac-CoA and 
added FAc-CoA. A sim il ar explanation would apply’ for secondary ad- 
dition of Ac-CoA. Further e'\’ldence for competitive product inhibition is 
found in Fig. 2 where the amount of acy’lation is directly proportional to 
the initial concentration of FAc-CoA, gi-sdng the same product to substrate 
ratio for a given concentration of enzymie. Product inhibition has also 
been reported for the analogous glycine A’'-acylase reaction (28). How- 
ever, the data in the glycine reaction indicated non-competitive i^bition. 
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SUMMARY 

1. Fluoi’oacetate has been shown to be enzymatically activated and to 
function in both amine acetylation and “citrate” sjmthesis. Glutathione 
is more effective than cysteine in promoting the acetylation. 

2. Fluoroacetyl coenzjune A has been synthesized and shown to have 
activity comparable to acetyl coenz 3 ’'me A in both amine acetylation and 
“citrate” sjuithesis. 

3. Acetyl coenzyme A and fluoroacetyl coeiwyme A do not react quanti- 
tatively in the acetylation of p-nitroaniline. Evidence is presented to 
indicate that the incomplete reaction is the result of competitive product 
inhibition. 
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ENZYI^IES ^\jS^D COENZYjMES OF THE PYTIWATE 
OXIDASE OF PROTEUS* 
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(From (he Lahoralory of Microbiology, Department of Botany, University of 

Pcmis;ifvam'a, Philadelphia, Pennsylvania) 

(Received for publication, June 27, 1955) 

The oxidative decarboxylation of pyruvate has been shomr to occur by 
several distmet pathways. The first cell-free S3'stem studied was that 
from Ladohacillus dclbnicckii, which produces acetjd phosphate (1) without 
the intermediate formation of acetjd coenzj-me A (2). The dismutase 
systems from Streptococcus faecalis and from Escherichia coli produce acet3d 
coenz3Tne A (3), but the p3Tuvate oxidase S3’stem from Proteus vulgaris 
produces free acetate ndthout the intermediate formation of acet3d phos- 
phate (4) or acet3’l coen23Tne A (5). 

The p3Tuvate oxidase of P. vulgaris consists of two separable protein 
components (6) which have been identified as a particulate autoridizable 
cytochrome S3'’Stem (Component 1) and a soluble enz3Tne (Component 2), 
which catalyzes the following reaction in the presence of diphosphothi- 
amine (DPT) and an appropriate electron acceptor: p3TUvate + HiO — » 
acetate + CO2 + 2H'^ 4- 2e. Either 2,6-dichlorophenolindophenol or 
ferricyanide ma3’’ serve directh” as an electron acceptor. O.X3^gen is con- 
sumed ord3’- when Component 1 is present to serv’^e as an intermediate elec- 
tron carrier. No other coenz3Tne in addition to DPT has been demon- 
strated to function in this S3’-stem. A brief report of some of these results 
has appeared (7). 


EXPEMMENTAL 

Test Systems 

A. Oxygen Consumption — Conventional manometric techniques were 
used at a temperature of 37°. Each flask contained 0.02 m potassium phos- 
phate buffer, pH 6.0, 100 7 of DPT, 200 7 of ]N'InS04-H20, 100 /xmoles of 
potassium pyruvate, enz3Tne fractions, and water to 3.0 ml. The center 
well contained 0.2 ml. of 20 per cent KOH. The rate of ox3'gen consump- 
tion was calculated from the second 10 minute period after the addition of 
pyruvate. 

B. Reduction of Ferricyanide — ^The reaction mixtiue contained 0.03 M 

* Supported in part bj' a grant from the National Science Foundation. 

t Present address. Department of Bacteriologj’ and Immunologj', Harvard !Medi- 
cal School, Boston, Massachusetts. 
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potassium phosphate buffer, pH 6.0, 50 7 of DPT, 100 7 of MnS04-H20, 
oO /zmoles of potassium pyruvate, 25 /mioies of potassium ferricyanide, 
enz3mie fractions, and water to 1.0 ml.; temperature, 25°. The rate of 
feiiicyanide reduction was calculated from the amount of ferrocyanide 
pioduced in the first 10 minutes after the addition of ferricyanide. 

C. Reduction of 2 ,6-Dichlorophenolindo'phenol (2 ,6-DCP) — The reaction 
mixture was the same as that of Test System A, except that 200 7 of 2,6- 
DCP were added; temperature, 25°. The rate of 2,6-DCP reduction was 
calculated from the second 1 minute interval after the addition of 2,6-DCP 
by observing the decrease in optical density at 600 mju in a 1 cm. cuvette. 

1 unit of Component 2 is equivalent to the utilization of 0.5 jul. of oxy- 
gen per hour in the presence of an excess of Component 1 with Test System 
A. 1 unit of Component 1 is that amount of Component 1 which permits 
half maximal velocity of 1 unit of Component 2 in Test System A. 

Enzyme Fractionation and Purification 

Cells were grown, collected, and disrupted by sonic oscillation as pre- 
viously described (5). Unless otherwdse indicated, all operations were 
carried out at 4°; enzyme solutions or suspensions were brought to the 
indicated decimal fraction of saturation with ammonium sulfate by the 
addition of a saturated solution of ammonium sulfate; centrifugation was 
at 25,000 X p in the SS-1 head of the Servall refrigerated centrifuge. 

Purification of Component 2. Step 1 — Cell fragments and intact cells 
were removed from the suspension by centrifuging for 30 minutes. Frac- 
tion 1, yield (from 65 gm. of wet cell paste): 3920 mg. of protein, 693,000 
units, per cent recovery 100, specific activity 176. 

Step 2 Fraction 1 was brought to 0.62 of saturation with ammonium 
sulfate, held for 2 hours, and centrifuged for 25 minutes. The superna- 
tant fluid was discarded and the precipitate was suspended in a minimal 
amount of distilled water and dialyzed against 10 liters of distilled water 
for 20 hours. Fraction 2, yield: 3180 mg. of protein, 565,000 units, per 
cent recovery 82, specific activity 178. 

Step 3 — Fraction 2 was brought to 0.38 of saturation with ammonium 
sulfate, held for 1 hour, and then centrifuged for 20 minutes. The pre- 
cipitate was washed once in 0.38 saturated ammonium sulfate, the washed 
precipitate containing Component 1 ; its treatment is described below. The 
supernatant fluid and wash liquid were combined, and solid ammonium 
sulfate was added to saturation. After 1 hour the protein suspension wms 
decanted from the excess ammonium sulfate and centrifuged for 20 min- 
utes. The supernatant fluid was discarded. The precipitate was dis- 
solved in distilled water and dialyzed against 2 liters of distilled water for 
16 hours. After dialysis, one-ninth volume of 0.20 m potassium phosphate 
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buffer, pH G.O, was added to the enzyme solution, and it was heated at 
58-60° for 10 minutes. The denatured protein was removed by centrifug- 
ing for 30 minutes. The supernatant fluid contained the active material. 
Fraction 3, yield: 421 mg. of protein, 440,000 units, per cent recovery 64, 
specific activity 1040. 

Step 4— Fraction 3 was brought to 0.51 of saturation with ammoniiun 
sulfate, held for 1 hour, and centrifuged for 20 minutes. The precipitate 
was discarded, and the supernatant fluid was brought to 0.70 saturation 
by adding solid ammonium sulfate. After 1 hour the suspension was cen- 
trifuged for 20 minutes. The supernatant fluid was discarded; the pre- 
cipitate was dissolved in a small volume of distilled water and dialyzed 
against 2 liters of distilled water for 16 hours. The precipitate which was 


Table I 

Snmmary of PuTification of Components 


Fraction 

No. 


Protein 

Units 

Recovery 


1 

Cell-free extract 


693,000 

per cent 

100 

176 

2 

0.62 saturated ammonium sulfate ppt. 


665,000 

82 

178 

3 

0.38 “ “ “ super- 

421 

440,000 

64 

1,040 

4 

natant fluid, heated 

Dialyzed and washed 0.51-0.70 saturated 



34 

5,950 

5 

ammonium sulfate ppt. 

Ppt. from dialj'zed salt solution of Fraction 4 

7.4 


27 

25,170 


Component 2 activity determined in Test System A in the presence of e.xcess 
Component 1 (5800 units, 5 mg. of protein). 


formed in the dialysate contained 80 per cent of the remaining activity. 
It was collected by centrifuging for 20 minutes and washed twice, each 
time Vidth 10 ml. of distilled water. Fraction 4, yield: 40 mg. of protein, 
238,000 units, per cent recovery 34, specific actmty 5950. 

Step 5 — Fraction 4 was suspended in 11 ml. of 1 per cent KCl. The 
suspension was shaken every 20 minutes for 4 hours, then centrifuged for 
20 minutes, and the precipitate discarded. Phosphate buffer at pH 6.5 
was added to the supernatant fluid to a final concentration of 0.033 m. 
Fraction 5, yield: 7.4 mg. of protein, 186,000 units, per cent recover^" 27, 
specific activity 25,170. The purification of Component 2 is summarized 
in Table I. 

Treatment of Component 1 — The precipitate obtained at 0.38 saturation 
with ammonium sulfate (see Step 3 above) was resuspended in distilled 
water and dialj^zed against 10 liters of distilled water. Component 1 at 
this stage is always contaminated with small amounts of Component 2, 
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which can be removed by adsorption on calcium phosphate gel. Compo- 
nent 1 can also be freed of Component 2 by precipitation of Component 1, 
which occurs after alternate freezing and thawing. The latter treatment 
is preferred since more than 80 per cent of Component 1 activity is recover- 
able. The dialyzed suspension of the 0.38 saturated ammonium sulfate 
precipitate was kept in a deep freeze at — 17° for 5 days and thawed once 
every 24 hours. Component 1 was then precipitated by centrifuging for 
an hour. It was suspended in distilled water and evenly dispersed by 
sonic oscillation at 9 kc. per second for 8 minutes. 



Fig. 1. Spectrum of the difference in absorption between oxidized and reduced 
Component 1. Test System A. The inset shows the Soret bands. 

Functions and Properties of Protein Components 

Component 1 is reddish brown and shows a marked Tyndall effect. The 
active material is associated with particles sedimentable in a centrifugal 
field of 60,000 X g- Component 1 is comparatively resistant to physical 
agents (5). The cytochrome system of Component 1 is autoxidizable 
when reduced by pyruvate in the presence of Component 2 in Test System 
A. Fig. 1 shows the spectimm of the difference in absorption of Compo- 
nent 1 between its oxidized state and enzymatically reduced state, measured 
in the recording spectrophotometer of Chance (8) by Dr. Lucile Smith. 
The same spectrum is obtained when hydrosulfite is the reducing agent. 
Distinct peaks occur at 627 and 560 mn- There is a lower peak at 595 mu- 
The fused ^-bands have a single peak at 530 m/z. The Soret band has a 
peak at 429 m/i with a shoulder at 442 m^. The peaks due to the difference 
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in absorption between the oxidized and reduced states appear only when 
the oxj-gen tension in one cuvette is zero. These peaks indicate the pres- 
ence and functioning in Component 1 of c 3 'tochromes bi, a:, and possiblj'- 

Oi. 

The most highlj" purified Component 2 preparations are water-clear. 
Tins component is soluble in dilute salt solution but insoluble in distilled 
water, suggesting that it is a globulin. In the purified form it loses 50 
per cent of its acti-citj- in 48 hours at 4° and is completelj’’ inactivated 
freezing. However, in 0.033 jr phosphate buffer, pH 6.5, it maj' be stored 
at 4° for a week without losing more than 10 per cent of its activity. 

Component 2 reduces 2,6-DCP and ferriej-anide in Test Sj’-stems C and 
B respective!}'. It does not permit oxj-gen uptake in Test Sj'stem A unless 


Table II 

[/nAi6i7ion of Action of Component 2 


Reaction mixture 

1 

1 2,6-Didi!ort>pheDolindophenol 
reduced per hr., ;imoIes 
per mg. protein 

Complete . 

11.6 

“ — Component 2 

0.0 

“ — pyruvate 

0.0 

“ — diphosphothiamine 

0.0 

“ + 0.00001 M HgCl; 

0.0 

“ -1- 0.03 u NaAsOj 

11.1 


The complete system consisted of Test System C with 55 y of 2,6-dichlorophenol- 
indophenol and 29 y of Component 2 protein. 


Component 2 is added (Table IH). The DPT concentration required for 
half maximal rate in the reduction of 2,6-DCP bj' Component 2 is the same 
as that required for the aerobic oxidation of pyouvate by the P. vulgaris 
pjTUvate oxidase preparation of Stumpf (4). Component 2 activity is 
strongly inhibited by mercuric chloride and unaffected by sodium arsenite 
(Table II). A product recovery showed that 30 ^tmoles of 2,6-DCP were 
reduced by Component 2 with the formation of 27.8 /imoles of acetate and 
24 nmoles of carbon dioride. 

Component 2, in the presence of an excess of Component 1, oxidizes 
pyruvate at similar rates with either oxygen, ferricyanide, or 2,6-DCP as 
the final oxidant; however, the concentration of Component 1 necessary 
for half maximal rate of pyruvate oxidation varies with the electron ac- 
ceptor (Table HI). This indicates that the rate at which Component 2 
oxidizes pjonvate and reduces the cjdochromes of Component 1 is inde- 
pendent of the manner of reoxidation of Component 1, although the rate 
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of reoxidation of Component 1 is affected by the choice of electron accep- 
tors. Ferricyanide is the most efficient oxidant. 

The presently available data suggest that there are few, if any, similari- 
ties between the acetate-generating pyruvate oxidase of P. vulgaris and 
acetyl phosphate- or acetyl coenzyme A-generating pyruvate oxidases of 
other bacteria. The acetyl phosphate-generating system of L. delhrueckii 
apparently consists of a single protein requiring flavin adenine dinucleotide 
(FAD) and DPT (9). Coenzyme A (CoA) does not function (2). The 
acetyl CoA-generating oxidases are multienz 3 ane systems requiring, in ad- 
dition to CoA, diphosphop 3 u-idine nucleotide (DPN), DPT, and lipoic acid 

Table III 

Comparison of Electron Acceptors 


Pyruvate oxidized perhr. in presence oi 


System 

0: 

KjFe(CN)« 

2 , 6 -Dichlo- 

rophenol- 

indophenol 

Component 1* 

0 

0 


“ 2* 

0 

22.2 


“ 2 -f excess Component 1* 

1092 

994 


“ 1 required for half maximal velocity of 1 

mg. of Component 2 

66.6 

mg. 

! 

43.7 



Oxygen uptake was determined in Test System A with 28.4 y of Component 2 
and 0 to 6.23 mg. of Component 1. Ferricyanide reduction was determined in Test 
System B with 5.7 y of Component 2 and 0 to 1.87 mg. of Component 1. 2,6-Di- 
chlorophenolindophenol reduction was determined in Test System C with 2.84 y of 
Component 2 and 0 to 0.62 mg. of Component 1. 

* The values are given in micromoles per mg. of component 2 protein. 

(10). It has been shown that neither acetyl phosphate (4) nor acetyl CoA 
is an intermediate of the acetate-genei’ating system and that CoA is not 
required and does not function (5). 

The pyridine nucleotide coenzymes do not appear to function in the P. 
vulgaris system. The addition of DPN or triphosphopyridine nucleotide 
(TPN) does not affect the rate of pyruvate oxidation, nor is there an in- 
crease in the optical density of the system at 340 mp after zero oxygen 
tension has been reached. Additional evidence for the non-participation 
of DPN is the failure of the system to dismute pyruvate in the presence 
of added lactic dehydrogenase and DPN and the ability of crude extracts 
to oxidize pyruvate at an undiminished rate after the DPNH oxidase m 
the extract was completelj’- inactivated by heating at 55° for 20 minutes. 
The non-frmetion of lipoic acid is suggested by the fact that this coenzyme 
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is present in the P. vulgaris S 3 'stem at one-hundreth of the level found in 
acetj'l CoA-gcnerating s 3 ’stems. The failure of 0.03 m arsenite to inhibit 
the reduction of 2,6-DCP b3' Component 2 and oxygen uptake by both 
components suggests also the non-function of lipoic acid, as arsenite at 
lower concentrations is a potent inhibitor of lipoic acid-requiring enz 3 Tues 
(3). The amount of the complete P. vulgaris S 3 -stem which permits an 
ox 3 'gen uptake of 1200 mI- per hour contains 3.66 y of FAD. The n-araino 
acid oxidase S 3 -stem requires 33.3 y of FAD to achieve a similar rate. The 
failure of this S 3 "stem to reduce nitrofuraus and tetrazolium salts, com- 
pounds readil 3 ' reduced b 3 ' flavin-linked oxidases, also suggests that FAD 
is not functional in this S 3 'stem. 


Table IV 

Diphospholhiaminc Requirements for Pyruvate Oxidation or Dismutation by 

Proteus vulgaris 


The pyruvate vas metabolized in micromoles per ml. of cell-free e.vtract. 


Cell-free extract prepared from 

P>TU^*ate metabolized per hr. 

Oxidation 

Dismutation 

16 hr. cells j 

-bDPT 

23S.0 

2.2 


— ** 

5.4 

2.2 

6 hr. cells 

+ “ 

64.4 

30.0 


i< 

22.2 

25.0 


PjTuvate oxidation vas determined in Test System A; dismutation vas deter- 
mined in a S3'stem similar to that of Korkes el al. (16) b3’ estimating acet3-l phosphate 
production. 


The only coenz 3 Tne common to both the P. vulgaris acetate-generating 
S 3 'stem and the acet 3 d CoA-generating S 3 'stem is DPT. The former S 3 'stem 
is obtained resolved for DPT in the preparation of cell-free extracts b 3 ^ 
ultrasonic oscillation (4) or b 3 ^ sonic oscillation (6), while the latter s 3 'stems 
are obtained from E. coli and S. faccalis (3) containing sufficient bound 
DPT for maximal actmt 3 ’’. Cell-free extracts of P. vulgaris contain both 
the acet 3 d CoA-generating dismutase S 3 '^stem and the acetate-generating 
oxidase, making it possible to determine whether the variation in the DPT- 
enz 3 Tne associations is a species difference or a difference between enz 3 Tne 
s 3 'stems. The dismutation rate in extracts prepared from 16 hour cells is 
less than 5 per cent of the oxidation rate. The addition of DPT causes a 
40-fold stimulation of p 3 TTivate oxidation, but it has no effect on the dis- 
mutation rate. The dismutation rate in an extract from 6 hour ceUs is 50 
per cent of the o.xidation rate. The addition of DPT to this extract causes 
a 3-fold stimulation of the oxidation rate and has onl 3 '’ a small effect on the 







838 


PROTEUS PYRUVATE OXIDASE 


dismutation rate (Table IV). The difference in the nature of the DPT 
requirement is not due to widely varying DPT-enzyme association con- 
stants since these constants are similar when both systems are resolved for 
DPT. If one DPT-requiring enzyme functioned in both acetate and ace- 
tyl CoA generation, it would be necessary that bound DPT be available to 
this enzyme for one kind of reaction and unavailable to that same enzyme 
for another kind of reaction. A more plausible explanation of these results 
is the existence of two separate enzymes, one functioning in acetate genera- 
tion and the other in acetyl CoA generation. Supporting the latter inter- 
pretation are the separation of both types of enz3mie systems from E. coli 
and P. vulgaris and the demonstration that the fractions of each type sys- 
tem would not replace each other (11). 

DISCUSSION 

The oxidation of pyruvate to free acetate by the enzyme system from 
P. vulgaris had been thought to occur through pathways differing only in 
minor details from the mechanism by which acetyl CoA is formed from 
pyruvate (6). However, partial purification and further study of the ace- 
tate-generating system have led to the conclusion that differences between 
this system and the acetyl CoA-generating systems are extensive. 

The reactions responsible for disposing of the 2 carbon units produced 
by the primary decarboxylation of pyruvate in the acetyl CoA-generating 
systems require, in addition to CoA, lipoic acid and DPN. It is doubtful 
whether these reactions occur also in the acetate-generating pyruvate oxi- 
dase of P. vulgaris, as CoA, lipoic acid, and DPN do not function in this 
system. The primary cleavage of pyruvate in acetyl CoA-generating sys- 
tems is apparently catalyzed by an enzyme, “carboxylase,” which in the 
presence of 2,6-DCP or ferricyanide decarboxylates pyruvate to free ace- 
tate. Component 2 of the acetate-generating system catalyzes the same 
over-all reaction. The observation that, in an extract of P. vulgaris, acetyl 
CoA generation is dependent on an enzyme with bound DPT, that acetate 
generation is dependent on an enzyme resolved for DPT, and that car- 
boxylase”- and Component 2-containing fractions are not mutually replace- 
able suggests that Component 2 and “carboxylase” are not the same en- 
zyme. 

The oxidation of pyruvate to free acetate by the enz3mie system oi i • 
vulgaris may be seen to occur in the followdng manner: (1) pyruvate + Com- 
ponent 2 -f- DPT — » “activated complex;” (2) “activated complex” -h 
Component 1 acetate + CO2 + DPT + reduced Component 1 + Com- 
ponent 2; or (3) “activated complex” 2,6-DCP or ferricyanide — > ace- 
tate + CO2 + DPT + Component 2 + 2,6-DCPH2 or ferrocyanide. 

Pyruvate is oxidized by Component 2, Avhich may be considered to be a 
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pyruvic dehydrogenase, to acetate and carbon dioxide. The electrons are 
sloM'ly accepted by artificial oxidants or more rapidly by the cytochrome 
system of Component 1, which is in turn rcoxidized by oxygen or by the 
artificial electron acceptors. The rapid reaction ndth the cj'tochrome sys- 
tem and the slower reaction ndth artificial oxidants have in common the 
failure to preserve the high energ}' moietj' of the pjTuvate molecule. 

Methods and Materials 

Ferrocyanide was detemrined by forming ferriferrocyanide (Prussian 
blue) on the addition of a ferric salt (10). Protein and nucleic acid were 
estimated from the ratio of optical densities at 2S0 and 260 m;i according 
to the calculations of IVarburg and Christian (12). iMetabolites were esti- 
mated by the folloning methods: CoA by the stimulation of bacterial 
transacetylase, lipoic acid by the method of Gunsalus et al. (13), FAD bj^ 
the stimulation of n-amino acid oxidase (this assay was made bj” Dr. Arnold 
Brodie), acetate by the lanthanum nitrate method of Hutchens and Kass 
(14), and acetjd phosphate by the hydroxamic acid method of Lipmann 
and Tuttle (15). Ciystalline lactic dehydrogenase was prepared according 
to the directions of Korkes et al. (16), and transacetylase was prepared 
from water extracts of Clostridium bulyricum by precipitation with acetic 
acid at pH 4, followed by ammonium sulfate fractionation between 0.60 
and 0.70 saturation. 

Other chemicals used were obtained from the following sources: CoA, 
75 per cent pure, from the Pabst Laboratories, DPT from ^lerck and Com- 
panj^, Inc., DPN, 80 per cent pure, from the Schwarz Laboratories, Inc., 
TPN, 80 per cent pure, and DPNH from the Sigma Chemical Company, 
and 2,6-DCP from The Matheson Company, Inc. 

SUMMAKV 

The pj-ruvate oxidase sj'stem of Proteus vulgaris produces free acetate 
without the intermediate formation of acetyl coenzyme A. It consists of 
a particulate autoxidizable cjTochrome system and of soluble pyruvic de- 
hydrogenase. The pigments of the cytochrome system have been identified 
as cyfiochromes ai, a^, and bi. The dehydrogenase has been extensiA'eh’’ 
purified. 

The dehydrogenase can reduce artificial electron acceptors; the eyfio- 
chrome system greatly increases their rate of reduction and also enables 
oxygen to serve as the terminal oxidant. 

E\ndence is presented which indicates that coenzynnes requu-ed by acetyl 
coenzyme A-generating py-ruvate oxidases, diphosphopyridine nucleo- 
tide, coenzymie A, and hpoic acid do not function in the acetate-generating 
pyruvate oxidase of P. vidgaris. Diphosphothiamine, a coenzyme common 
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to all pyruvate oxidases, is required by the pyruvic dehydrogenase of P. 
vulgaris] however, this enzyme does not function in the acetyl coenzyme 
A-generating system. 

It has been concluded that the existence of common intermediates and 
enzymes in both the P. vulgaris pyruvate oxidase system and the acetyl 
coenzyme A-generating systems is doubtful. 
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THE METABOLISJ^I OF HYDROCORTISONE BY KIDNEY 
TISSUE IN YITRO* 


By frank M. GANTS, LEONARD R. ^ANELROD, and LEON L. MILLER 

{From the Dcparlmcnls of Radiation Biology and Biochemistry, The University of 
Rochester School of Medicine and Dentistry, Rochester, N^cw York) 

(Received for publication, July S, 1955) 

Recent investigations concerning the metabolism of steroids by kidnej* 
tissue (1-G) have led to gross observations of the capacity of this tissue 
to alter the functional groups of the steroid molecule. Most of these 
studies have been concerned with the metabolism of C-19 androgenic 
steroids. Schneider and Horst manii (6), however, have observed the loss 
of the a,/3-unsaturated ketone in ring A and the a-ketolic side chain of 
adrenocortical homioncs in kidney incubations, although they did not 
isolate any 17-ketosteroids from the medium. 

This communication describes the conversion of hydrocortisone (Ken- 
dall’s Compound F) to a number of oxidation and reduction products 
during incubation with kidney tissue. The potential significance of these 
compounds in the metabolism and physiology of the adrenocortical hor- 
mones is discussed. 


Methods 

Fresh bovine kidneys were obtained from the abattoir approximatelj^ 
30 minutes after the death of the animals. The fat and connective tissue 
were removed, and the tissue was ground to a mince bj’' means of a com- 
mercial grinder. 80 gm. of this mince were introduced into each of twentj’’ 
(1 liter) Erlemneyer flasks. To the tissue in each flask were added 150 
ml. of calcium-free Krebs-Ringer-phosphate buffer, 0.1 ii, pH 7.4, con- 
taining 10 ml. of 0.025 M glucose, as well as 10 ml. of 0.001 m DPN and 2 
ml. of 0.001 ji ATP as cofactors (3, 7). Hydrocortisone was prepared for 
incubation as follows: A 500 mg. portion of the free compound was dis- 
solved in 10 ml. of 95 per cent ethanol. To this solution were added 20 
ml. of propjdene gKcol, after which the ethanol was removed by evapora- 
tion under nitrogen at 40°. This propylene glycol solution of steroid was 
then added to a 10 per cent kidney^ homogenate (prepared with buffer). 
To each incubation flask were added 10 ml. of this kidney homogenate 

* These studies were performed under contract with the United States Atomic 
Energy Commission at the University of Rochester Atomic Energy Project, Roches- 
ter, New York, and were supported in part by a research grant from the Jane Coffin 
Childs Memorial Fund for Medical Research. 


S41 



842 


METABOLISM OF HYDROCORTISONE 


(containing 25 mg. of the hydrocortisone), after which the contents of the 
flasks were incubated by gentle shaldng for 4 hours at 38° in an atmosphere 
of 95 per cent 02-5 per cent CO 2 . 

Extraction 

The incubation mixture was treated according to the following pro- 
cedures in order to extract the non-conjugated steroid metabolites. In 
this study, no attempt was made to recover the conjugated steroid frac- 
tions which occurred in the incubation medium. 

At the end of the incubation period 2 volumes of acetone were added to 
each flask, and the contents were combined and stirred for 18 hours at 
room temperature. The mixture was then filtered through fritted glass, 
the residue resuspended in fresh acetone, and the above procedures re- 
peated. The evaporation of the acetone in the filtrates was carried out 
in vacuo under nitrogen at 40°, as were all subsequent solvent evaporations. 
The remaining aqueous solution was extracted five times vdth one-half its 
volume of chloroform, and the chloroform extract was evaporated to 
dryness. The residue was dissolved in absolute methanol, diluted vith 
distilled water to a final concentration of 90 per cent methanol, and then 
extracted twice with a volume of petroleum ether (b.p. 40-60°) equal to 
25 per cent of the total volume in order to remove extraneous lipides. 
The latter extract was back-washed twice with 90 per cent methanol to 
recover any steroids removed by the petroleum ether. The combined 
methanolic solutions were eimporated ; the residue was dissolved in 33 per 
cent methanol and was dialyzed against a 40 per cent methanol solution, 
according to the procedure of Axelrod and Zaffaroni (8) for 8 days. The 
dialysate was extracted five times with chloroform and the latter reduced 
to dryness. The residue was then dissolved in chloroform-methanol (1 : 1) 
and divided into forty equal portions preliminary to chromatographic 
analysis. 


Chromatogra'pliy 

The forty portions were chromatographed in chambers constructed es- 
sentially as described by Burton et al. (9). The one modification involved 
the use of a Chromatoplat,^ which permitted the simultaneous use of two 
solvent troughs in each chamber instead of the conventional 1 -trough 
stand. In effect this served to expedite the chromatographic anabasis of 
the large number of samples. 

To permit the chromatographic resolution of anj'’ C-19 and C-21 sterom 
metabolites present, the chromatographic solvent systems and techniques 
of Zaffaroni et al. (10), Axelrod (11), and Arroyave and Axelrod (12) were 

1 Obtained from Nalge Company, Rochester, Nen* York. 
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used in this studj*. Fig. 1 describes schematicallj' the detailed chromato- 
graphic analysis. 

Qualiiaiivc and Qnanlitative Analysis 

The steroid components Avere detected on the chromatograms by means 
of the follovi-ing color tests and reagents; triphenyltetrazolium chloride 

Flpure 1 
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3 2- 


C-F 
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•(lO-lJ on) 
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c=) 
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end) 
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CI-F 
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(6-10 on) 


H.C.-P.G. 
(48 hrs) 


(10 cn-en 


H.C.-P.G. 
(48 hrs) 


(18-23 on) 
Fraction m-B 


Fig. 1. Chromatographic details for the separation of steroid metabolites isolated 
after the incubation of hydrocortisone with kidney mince. T-P.G., toluene-propyl- 
ene glycol; C-F, chloroform-formamide; B-F, benzene-formamide; M.C.-P.G., 
methylcyclohe.xane-propylene glj’col; CY-F, cyclohexene-formamide. 

* The remaining free hydrocortisone was recovered in the FI-B runoff. 


(TPTZ) (13), fuming sulfuric acid (15 per cent free SO 3 ) (14), alkaline 
7/i-dimtrobenzene (771-DKB) (11), and acidic 2,4-dinitrophenylhydrazine 
(DNPH) (11). The differential identification of the corticoid side chains 
was effected by utihzing the procedures described by Axelrod (15). After 
final chromatograpliic purification, portions of each compound were taken 
for mixed chromatograms (16) with authentic samples- and for spectro- 

- We wish to express our appreciation to the following investigators for generous- 
samples of the authentic compounds; Dr. Thomas F. Gallagher of the Sloan-Ketter- 
ing Institute, Dr. Preston Perlman of the Schering Corporation, Dr. Karl Pfister of 
the Merck Institute for Therapeutic Research, and Professor T. Reichstein of the 
Organisch-Chemische Anstalt, University of Basle. 
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photometric analysis with a Beckman DU spectrophotometer, utilizing the 
ultraviolet absorption maxima from 220 to 600 mu in absolute methanol, 
in concentrated sulfuric acid (17), and in fuming sulfuric acid (18). In 
addition, the concentrated sulfuric acid absorption spectrum of a mixture 
of the compound and an authentic sample, after mixed chromatography, 
was obtained. The acetates of the purified C-21 compounds, prepared by 
the conventional pyridine-catalyzed reaction with acetic anhydride and 
extracted by ether, and the free C-19 compounds were subjected to infra- 
red analysis.'"’ 


Table I 


Characterization of Products of Hydrocortisone Incubation with Bovine Kidney Mince 




Quantity 

recov- 

ered, 

mg. 

Absorption maxima, mg 

Identified compound 

Designation 
(see Fig. 1) 

Concentrated 
sulfuric acid 

Fuming _ 
sulfuric acid 
(15 per cent 
free SOa) 

Concentrated 
sulfuric acid 
mixture* 

A^-Pregnene-11/3, 17a, 20)3, 
21-tetrol-3-one 

FI-A4 

25.40 

240, 285, 460 



A‘'-Pregnene-17a , 21 -diol- 
3,11,20-trione 

FII-A4 

2.45 

283, 340, 415 


283, 340, 415 

V-Androstene-1 l/3-ol- 
3,17-dione 

FII-B3 

4.25 

285, 380, 465 

285, 475 

285. 380, 465 

A^-Androstene-3, 11 , 17- 
trione 

FIII-B 

0.83 

285 


285 

.1^-Pregnene-l 1/3 , 17a , 21 - 
triol-3,20-dione (hj^dro- 
cortisone) 

FI-B 

runoff 

186t 



240, 280, 395, 
472 


.* After chromatography and elution of a band consisting of a mixture of the frac- 
tion recovered from the incubation medium and a sample of the authentic compound, 
t Corrected for losses due to extraction, chromatography, and elution procedures. 


The quantitative estimation of each of the identified compounds was 
carried out on the basis of its absorption maximum at 240 my in absolute 
methanol. The comparative recovery of the identified metaliolites is 
presented in Table I. Of the 500 mg. of hydrocortisone initiallj'’ added to 
the incubation medium, only 186 mg. were recovered. This value includes 
conservative corrections for losses in extraction, in chromatography, and 
in elution. It is noteworthy that the quantity of steroids isolated repre- 
sents minimal values, since the procedures used involve the extraction of 
only the non-conjugated .steroid metabolites. 

® We wish to express our gratitude to Dr. Thomas F. Gallagher and Miss Friedc- 
rike Herling of the Sloan-Kettering Institute for the infra-red analysis of the com- 
pounds. 
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licsitlls 

Altliougli twenty-five fractions were isolated from the kiduej' incubation, 
only four compounds, which were among those present in the largest 
quantity, have been definitely identified. Lack of sufficient material has 
thus far prevented complete identification of the remaining compounds. 
All four compounds identified had in common the a,/3-unsaturated ketone 
group in ring A. Although some of the unidentified compounds were 
found to contain the reduced a,^-unsaturated ketone (f.c., the “tetra- 
hvdro” form), these were among the fractions which were present in 
minute amounts. 

The four compounds have been identified as follows. 

FI-A4 (A"-Prcgncne-1 1^,1 7a, 20^, 21 -tclrol-S-one) — Alixed chromatograms 
with pure A^-pregnene-11/3, 17a, 20^3, 21-tetrol-3-one in chloroform and 
toluene systems portraj'cd identical chromatographic beha\'ior. Spot tests 
revealed the presence of a glycerol tj-pe side chain and an a,j3-unsaturated 
ketone grouping. Confirmation of the presence of the a,/3-unsaturated 
ketone group was obtained by demonstrating an absorption maximum of 
this compound at 240 m/i in absolute methanol. This compound and a 
mixture of this compound with authenic A^-pregnene-1 1/3, 17a, 20^,21- 
tetrol-3-one gave an absorption spectrum identical Muth that of the au- 
thentic sample in concentrated suKuric acid (Table I). The same pro- 
cedure with fuming sulfuric acid again gave an absorption spectrum 
identical mth that of the authentic sample. Infra-red analysis confirmed 
the identity of this compound. In all, 25.40 mg. of this compound were 
isolated from the incubation. 

FII-AJf {A.*-Pregnene-17a,21-dwl-3 ,11 ,20-trione) — ^This compound was 
shoi\Ti to be identical to Kendall’s Compound E (A’-pregnene-17a,21-diol- 
3,11,20-trione) by mixed chromatograms and by concentrated and fuming 
sulfuric acid chromogen absorption spectra (Table I). An ultraviolet 
absorption spectrum in absolute methanol showed a maximum at 240 
mil, confirming the DKPH test which demonstrated the presence of the 
A'*-3-ketone group. With TPTZ reagent the presence of an a-ketol tj-pe 
side chain was seen. Alore specificalh', this was fotmd to be a dihj'droxj'- 
acetone side chain bj" the differential test of Axelrod (15). Infra-red 
analysis confinned the identitj' of this compound as Kendall’s Compound 
E. This incubation jdelded 2.45 mg. of the compound. 

FII-B3 {A*-Androstene-l ip-ol-3 ,17-dione) — Alixed chromatograms sug- 
gested that this compound was A^-androstene-ll/3-ol-3,17-dione. A 
mixture of tliis compound and an approximately equal quantitj' of an 
authentic sample as well as the indi\idual compound gave absorption 
spectra identical with that of the authentic sample in concentrated sulfuric 
and in fuming sulfuric acid (Table I). The compound in absolute methanol 
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gave a maximum at 240 m/x in the ultra in olet region, indicating the pres- 
ence of a A‘*-3-ketone grouping. A positive dinitrobenzene spot test 
showed the presence of the 17-ketone group. That this compound is 
A^-androstene-ll/3-ol-3,17-dione was confirmed by infra-red analj’^sis. Of 
this compound 4.25 mg. were obtained. 

FIII-B {I\^-Androstene-S ,11 ,17-iriom ) — The identit}^ of this compound 
as adrenosterone (A‘’-androstene-3,ll ,17-trione) was confirmed by mixed 
chromatograms and by its absorption spectra in the ultraviolet region in 
concentrated sulfuric acid and in fuming sulfuric acid (Table I). The 
presence of the A'*-3-ketone group was indicated bj'- the DNPH reagent 
and b}^ its absorption at 240 ran methanol. The 17-ketone group was 
shown to be present by the 7n-DNB test. Infra-red anal3^sis confirmed 
these findings (Table I). Adrenosterone was obtained in the amount of 
0.83 mg. from this incubation. 


DISCUSSION 

In this studj’’ it has been observed that kidne}'^ tissue has the capacity’’ 
to reduce the C-20 ketone group of hj'-drocortisone and to cleave oxida- 
tively the side chain with the resultant formation of C-19 compounds, 
without active metabolism of the A^-3-ketone group to reduction products 
of ring A. These findings substantiate the suggestions of Schneider and 
Horstmann that the metabolism of this type of steroid ma}’' involve the 
reduction at C-20 and the extensive enzymatic degradation of the side 
chain ((6) p. 637). Although these investigators were unable to detect 
any 17-ketosteroids in their experiments, such compounds were isolated 
and identified in the present investigation. However, our observations 
are contrary to the postulate of Dorfman and Ungar (19), who suggest 
that reduction of the double bond in ring A must precede splitting of the 
side chain in the metabolism of C-21 compounds to C-19 compounds. 

The demonstrated ability of the kidnej’^ tissue to oxidize the 1 ty-hj’^droxy 
group to an 11-ketone group suggests that this oxidation is independent 
of the eventual splitting of the a-ketol side chain, since both Kendall’s 
Compound E and adrenosterone Avere found. The relative quantities of 
the compounds obtained (Table I) support the view that adrenosterone is 
derived direetty from Kendall’s Compound E, whereas the 1 ty-hydroxj^- 
A'‘-androstene-3,l7-dione is derived from h.ydrocortisone. Salamon and 
Dobriner (20) isolated ll/3-h3’-drox3’--A^-androstene-3,17-dione from human 
urine after the administration of corticotropin (ACTH) and stated that' 
it is highl3^ probable that this compound is elaborated by the adrenal 
cortex independentl3" of hydrocortisone s3'-nthesis. They reasoned that, 
“Since ll/3-h3^droxy-A‘'-androstene-3,17-dione possesses in ring A the a,P- 
unsaturated ketone S3^stem characteristic of hormones, rather than the 
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saturated alcohol stnicture characteristic of metabolites, it seems un- 
likely that this substance is a metabolic transformation product of an- 
other adrenal hormone.” The present experiments show that ll^-h}’- 
droxy-A-'-androstene-3,17-dione may arise as a metabolic product of 
hydrocortisone in the kidney. The amount of this metabolite might 
conceivably be enhanced under conditions in which increased amounts of 
Compound F become available to the kidnej'. The fact that it has been 
isolated from human urine must be reckoned with in spite of the known 
extensive conversion of the A’-3-ketone group to the tetrahj'dro form in 
the liver (21-23). 

Our obser\-ations that hydrocortisone maj- be metabolized to 17-keto- 
steroids in kidnej' tissue maj' also e.xplain the findings of Alunson (24) 
that the administration of hj'drocortisone to orchiectomized and adrenal- 
ectomized humans j'ields increased 17-ketosteroid titers in their urines. 

This obser\-ation, plus the fact that at least one of our products, i.c. 
ll)3-hydroxj'-A’-andro5tene-3,17-dione, has all the requisites for potent 
androgenic acti\'itj' (20), suggests that the kidnej- maj' plaj' a part in the 
refractorj' course of metastatic carcinoma of the prostate in adrenalec- 
tomized and orchiectomized humans (25). The renal production of small 
amounts of potent androgens from the maintenance doses of hj'dro- 
cortisone maj' conceivablj' aggravate the prostatic malignancj'. 

The results described here M-ill be extended in a forthcoming report 
dealing M-ith the perfusion of kidnej's w-ith hj'drocortisone. 

SUADLAKA' 

Hj'drocortisone was incubated with bovine kidnej' tissue. The follow- 
ing compounds were isolated and identihed; A^-pregnene-ll/5,17a,20|3,21- 
tetrol-3-one, A''-pregnene-17a,21-diol-3,ll ,20-trione, A'-androstene-ll/3- 
ol-3 , 17-dione, and A^-androstene-3 ,11, 17-trione. The significance of these 
findings was discussed. Included is a consideration of the renal produc- 
tion of potent androgens, and the role that such metabolites maj* plaj' in 
the refractorj' course of prostatic carcinoma in orchiectomized and adre- 
nalectomized humans maintained on adrenocortical hormones. 
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d-^IANNITOL 1 -phosphate DEHA'DROGENASE from 
ESCHERICHIA COLT* 

By JOHN B. WOLFFt and NATHAN 0. KAPLAN 

{From the McCoUnm-Pratt Inslitiitc, The Johns Hopkins University, 
Baltimore, Maryland) 

(Received for publication, Alarch 29, 1955) 

D-AIannitol is the most widelj' distributed of the naturallj' occurring 
hexahydric alcohols, and the compound has been known since the early 
part of the nineteenth centurj'. It is found as a reserve material in some 
algae and many higher plants. In some lower fungi it is the product of 
the fermentation of sugars. Finalh', mannitol is utilized for growth and 
fermented bj’ a large number of species of microorganisms. 

Whereas some fungi can convert certain aldohexoses and aldopentoses 
to mannitol, the latter has never been found in the medium after growth 
on fructose (2-4). On the other hand, several species of bacteria can 
form mannitol from fructose. Peterson and coworkers (5-7) studied this 
phenomenon in pentose-fermenting organisms, and Liu (8) and Sebek and 
Randles (9) observed the oxidation of mannitol to fructose in pseudo- 
monads. Iso phosphorylated intermediates appeared to be involved in 
that conversion, as indicated by the absence of phosphorjdation on ana- 
erobic incubation of whole cells with hexitol and ATP* (9). It is known 
that the same carbohydrate may be dissimilated by different organisms 
either directlj^ or onlj^ after phosphorylation. This paper describes studies 
of an enzjTne from Escherichia coli which catalyzes the oxidation of man- 

* Contribution No. 110 from the McColIum-Pratt Institute. The data in this 
paper are taken from a dissertation submitted by John B. tVolff to the Biologj' De- 
partment, The Johns Hopkins University, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. A preliminary report of part of this work 
was presented at the meeting of the Society of American Bacteriologists at Pitts- 
burgh, May 5, 1954 (1). This work was aided in part bj' grants from the American 
Cancer Societ 5 ', as recommended by the Committee on Growth of the National Re- 
search Council, and the Rockefeller Foundation. 

t Predoctoral Fellow of the National Institutes of Health, United States Public 
Health Service, 1952-54. Present address, Smithsonian Institution, Division of 
Radiation and Organisms, Washington 25, D. C. 

* The following abbreviations will be employed in this paper: DPN for diphospho- 
pyridine nucleotide; DPNH for reduced diphosphopj-ridine nucleotide; DPNase 
for diphosphopj-ridine nucleotidase; ATP for adenosine triphosphate; TPN and 
TPNH for oxidized and reduced triphosphopjTidine nucleotide; F-6-P for fructose 
G-phosphate; mannitol 1-P for mannitol 1-phosphate; sorbitol 1-P for sorbitol 1-phos- 
phate; glucose 6-P for glucose 6-phosphate; and mannose 6-P for mannose 0-phos- 
phate. 
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nitol phosphate in the presence of DPN, but will not act on the non- 
phosphorylated hexitol.^ 


EXPERIMENTAL 

Materials — DPN was purchased from either the Sigma Chemical Com- 
pany or the Pabst Laboratories and was approximately 90 per cent pure. 
DPNH was prepared according to the method of Pullman et al (10). The 
concentration and purity of solutions of oxidized and reduced nucleotides 
were assayed by the procedure of Packer (11) with the extinction coeffi- 
cient 6.22 X 10® sq. cm. mole“* (12). Deamino DPN was prepared as 
described by Kaplan et al. (13). TPN of approximately 80 per cent puritj’' 
was prepared from DPN by the method of Wang, Kaplan, and Stolzen- 
bach (14). The oxidized and reduced 3-acetylpyridine analogues of DPN 
were prepared according to the method of Kaplan and Ciotti (15). 

The barium salts of fructose 6-phosphate, glucose 6-phosphate, and 
fructose 1,6-diphosphate were purchased from the Schwarz Laboratories. 
A sample of fructose 1-phosphate was generously supplied b}’- Dr. G. T. 
Cori. We wish to thank Dr. B. L. Horecker for donations of ribulose 

5- phosphate and sedoheptulose 7-phosphate, Dr. M. W. Slein for maimose 

6- phosphate, Dr. H. A. Lard}'’ for sorbose 6-phosphate and tagatose 6-phos- 
phate, and Dr. R. D. Hotchldss for mannitol phosphate prepared by the 
method of Seegmiller and Horecker (16). Larger quantities of mannose 
6-phosphate were synthesized in the course of this stud}’’ from mannose 
by the chemical method of Posternak and Rosselet (17). All the bar- 
ium salts were converted to potassium salts before use by addition of an 
equivalent amount of K2SO4. Potassium borohydride for the reduction 
of phosphate esters was obtained from Metal Hydrides, Inc., Beverly, 
Massachusetts. 

Crystalline yeast alcohol dehydrogenase was prepared by the method of 
Racker (11). Purified DPNase from Neurospora was prepared as the 
fraction precipitating with 60 per cent acetone at pH 2.7 according to the 
procedure of Kaplan et al. (18). In the preparation of lactic dehydro- 
genase, the directions of Kornberg and Pricer (19) wore followed. Bovine 
intestinal alkaline phosphatase was obtained from the Armour Labora- 
tories. Dr. L. Shuster Idndly furnished samples of prostatic acid phos- 
phomonoesterase prepared according to the procedure of Marldiam and 
Smith (20). 

Methods — ^All spectrophotometric measurements were made with a Beck- 

2 In the course of these studies, Dr. R. D. Hotchkiss and Dr. J. Marmur informed 
us that a similar sj'stem had been found in mutants and transformants of Diplo- 
coccus 'pneumoniae. We wish to thank Dr. Hotchkiss and Dr. Marmur for making 
this information available. 
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man speclrophotometer, either model DU or B, with plastic cuvettes (3.0 
ml. capacity) or quartz cuvettes (1.5 ml. capacity), all having a 1.00 cm. 
light path. In some of the colorimetric determinations a Ivlett-Summer- 
son photoelectric colorimeter was employed. 

Reducing sugar was determined according to the alkaline copper-arseno- 
molybdatc method of Somogyi (21) or by the anthrone procedure later 
published by Mokrasch (22). Fructose and F-G-P were estimated by 
the method of Roe (23). Hcxitols were determined bj' estimation of for- 
maldehyde produced after mild periodate oxidation, according to the pro- 
cedure of IVcst and Rapoport (24), except that for the acid SnCl; re- 
agent a more stable AsiOj reagent (1.125 m XaOII and 0.55 M AsaOs) 
was substituted to destroj'" excess of periodate before addition of the chro- 
mogenic solution. Inorganic phoaphonis was measured by the method of 
Fiske and Subbarow (25), and total phosphorus after sulfuric acid di- 
gestion of the deproteinized sample. Protein was estimated according 
to the procedure of Lovtj' cl al. (26). 

For paper chromatograms lYhatman No. 1 or No. 4 filter paper was 
used. Phosphate esters were developed in the solvent systems of Ban- 
durski and Axelrod (27), Hanes and Ishenvood (28), and Mortimer (29). 
Sugars and hexitols were imn in the developer (1-butanol (5 volumes)- 
glacial acetic acid (1 volume)-water (2 volimies)) of Hough (30). Phos- 
phate ester spots were detected with the method of Burrows, Grj’-lls, and 
Harrison (31), aldohexoses with the aniline hydrogen oxalate reagent of 
Horrocks and Manning (32), aldoketoses wth the acid resorcinol spray 
reagent of Brj’son and IMitchell (33), and hexitols "sUth the alkaline silver 
reagent of Trevelyan el al. (34). 

For ion exchange chroraatographj'- of sugar phosphates the procedure of 
IChj'm and Cohn (35) was followed, while the methods of Khym and Zill 
(36) and of Zill, Khjnn, and Cheniae (37) were used for sugars. It should 
be pointed out that the separation of fructose, sorbitol, and mannitol was 
accomplished independently in these studies just prior to publication of 
the paper last mentioned. 

Growth of Bacteria — ^Large amounts of E. coli B were gro"wn on a medium 
containing salts, j^east extract, and glucose. The cells were han'ested by 
centrifugation, washed, and lyophilized. These dried cells were kept at 
room temperature without loss of enz 3 >matic actirritjL 

Aerobacier aerogenes (ATCC 8724) was grown bj' Dr. R. M. Burton. 
The cells were ground noth alumina and extracted "n-ith phosphate buffer, 
and the extract was extensiveh' dialj'zed against distilled water. An 
extract of Clostridium Muyveri was also provided br' Dr. R. M. Burton. 
Lactobacillus planiarum and Lactobacillus brevis (ATCC 10068) were gro"wn 
by ]\Ir. F. E. Stolzenbach. Dr. R. DeiSIoss kindly furnished e.xtracts of 
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Leiiconostoc mesenteroides, strain 39, grown on glucose or on arabinose, 
and cells of E. coU, Crookes strain (ATCC 8739). Saccharomyces cerevisiac 
was grown b}'- Mr. C. DeLuca, Psciidomoiuis fluorescens (ATCC 6009-1) 
by Dr. H. Lenhoff, New'ospora crassa 5297a bj’- Dr. D. J. D. Nichola.s, 
and Lactobacillus casci (ATCC 7469 and 9595) by Dr. L. Shuster. We 
are grateful to all of the above colleagues for their preparations. When- 
ever whole cells Avere provided, thej'^ were .suspended in 10 A'^olumes of 
0.01 M NaHCOs buffer and disintegrated bj'- sonic oscillation for 10 min- 
utes. Cell debris was removed 63'' centrifugation, and the clear super- 
natant fluid Avas tested for actiA'■it3^ 

Synthesis and Chemical Properties of Hexitol Phosphates — In analogy 
AAuth the chemical reduction of fructose, Avhich 3delds a mixture of sorbitol 
and mannitol, the chemical reduction of F-B-P Avould be expected to pro- 
duce tAA"o corresponding phosphorylated hexitols. This was shown to 
occur and aauII be discussed beloAv. "When the secondary alcohol group 
formed from the carbonyl group of fructose on carbon atom 2 lies trans 
AAuth respect to that of carbon atom 3, the compound is D-sorbitol 6-phos- 
phate. Since carbon atoms 1 and 6 in D-mannitol haA^e been proA’^ed to be 
equivalent and Rule 64 of the International Union of Chemistry concern- 
ing numbering of positions requires that ‘hf the chain can be numbered 
in more than one AA^ay, the loAA^est numbers are giA'-en,” the second dia- 
stereoisomer resulting from the chemical reduction of F-6-P should be 
named D-mannitol 1 -phosphate. 


CH2OH 

I 

c=o 

I 

HO— C— H 

I 

H— C— OH 

I 

H— C— OH 

CHzOPOg" 
D -Fructose 6 -P 


-f 2 H 
> 


CH2OH 

I 

H— C— OH 

1 

HO— C— H 

I 

H— C— OH 


CH2OH 

I 

HO— C— H 

I 

HO— C— H 

I 

H— C— OH 


H— C— OH 


H— C— OH 


CH2OPO3- 
Sorbitol 6 -P 


CH2OPO3- 
D-Mannitol 1 -P 


As the reduction of a ketohexose alAA'^ays yields a mixture of tAVO hexitols, 
it Avas necessary to use aldohexose phosphates for the sjnithesis of pure 
hexitol phosphates. Sorbitol 6-phosphate can be prepared from glucose 
6-phosphate, and mannose 6-phosphate can be reduced to mannitol 
1-phosphate. Similarly, dulcitol 1-phosphate should be obtained by re- 
ducing galactose 6-phosphate. 

A solution of known concentration of hexose phosphate Avas added at 
room temperature to a solution containing one-half of the concentration 
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of potassium borohydride in dilute iSaOH, pH 9 to 10. The coui'se of 
the reaction was followed by te.sting for reducing sugar. At the end of 
the reaction the pH was lowered to about 1 by adding 1 x HCl in order 
to destro}' excess IQBH4, and the solution was then neutralized by adding 
1 X NaOH. A small volume of Dowex 50 resin (H+ form) was added to 
remove excess alkali ions. After centrifugation, the supernatant fluid 
was freed of borate, which was found to inhibit enz3’matic assay's and to 
interfere AHth chromatographic experiments. 

Chemical Properties of Hexitol Phosphates — Repeated attempts to sepa- 
rate the products of F-6-P reduction bj”^ paper chromatographj- or bj' 
ion exchange chromatographj’^ with either Dowex 1 (formate) and elution 
mth 0.1 M sodium formate containing a graduallj' increasing concentration 
of formic acid or with Dowex 1 (chloride) and the eluents of Kh^'m and 
Cohn (35) proved unsuccessful. This indicated a close similaritj' in 
chemical properties of the two hexitol phosphates. 

The new compounds were routinelj^ estimated bj' periodate oxidation 
bj"^ the method of West and Rapoport (24). Table I shows that the hexitol 
phosphates formed 1 mole of formaldehj'de per mole, while the non- 
phosphorjdated hexitols j-ieldcd 2 moles of formaldehj’de, and the hexose 
phosphates formed onh^ negligible amounts. However, the hexitol phos- 



854 


D-MANNITOL 1-P DEHYDROGENASE 


phates were completely inert in the tests for reducing sugar and ketohexose 
by which F-6-P was estimated. 

The rates of chemical hydrolysis at 100° in 1 n HCl and 0.1 n NaOH 
of hexitol phosphates and hexose phosphates arc illustralcd i?i Fig. 1. 
The stability of hexitol phosphates to alkaline h.ydrolysis, as well as to 
acid hydrol 3 '’sis, can be compared with the same proper(.y possessed 
a-glycerol phosphate (38). 

As further evidence that the hexitols were phosphoiylated at the primary 
alcohol group, the ratio of inorganic phosphate liberated by acid phos- 
phomonoesterase to the increased amount of formaldeh 3 ^de produced 
after periodate oxidation was determined throughout the cour.se of the 


Table I 

Analysis of Hexitol Phosphates by Periodate Oxidation, .4s Compared with Other 

Compounds 


Compound 

Moles formaldehyde formed per 
mole compound 

Mannitol 

2.0 

Sorbitol 

2.0 

Fructose 

1.0 

Glucose 

0.2-0. 3 

Mannitol 1-phospliate 

1.0 

Sorbitol 6-phosphate 

1.0 

Fructose 6-phospliate 

Glucose 6-phosphate 

0.05-0.10 

0.05 



O.xidation bj'" the method of West and Rapoport (24) for 6 minutes at 23-25°. 


enzymatic hydrolysis. From Table II it will be seen that initially each 
mole of hexitol phosphate gave rise to 1 mole of formaldelwde after perio- 
date oxidation and that at the end of the enzymatic dephosphoiylation 
each mole of hexitol produced 2 moles of formaldeh 3 ’-de when oxidized by 
periodate. The ratio of inorganic phosphate to additional formaldeh 3 '^de 
formed remained close to 1 ; that is, the primary alcohol group with which 
the phosphate had been esterified could, after periodate oxidation, form 
a second mole of formaldehyde per mole of hexitol as soon as the phos- 
phate group had been split off. 

Results 

Discovery of Enzyme and Assay — In the course of testing crude extracts 
of E. coli for phosphohexose isomerase activity, it was observed that the 
extracts catalyzed the oxidation of DPNH in the presence of F-G-P- 
There was a slight oxidation of DPNH in the absence of added substrate. 
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Ivctosc B'as found to disappcnr at tlie panic time that DPKII was oxidized, 
indicating that F-G-P was reduced by the coenzj-me in the presence of the 
bacterial extract. When the absorbance at 340 ni/i had reached an cqui- 
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Fig. 1. Chemical hj-drolysis of hexose phosphates and hewtol phosphates. A, 
acid hj'drolysis. Covered tubes, containing 2.4 ^moles of ester and HCl to a final 
concentration of 1.0 K in a total volume of 1.0 ml., vere placed in a boiling vater 
bath. After given intervals, one tube of each series was removed and cooled, then 
assa 3 -ed for inorganic phosphate. Control tubes with identical contents vere tested 
at 0 minutes for total and inorganic phosphate, and the per cent hj'drolysis was calcu- 
lated on that basis. A, F-6-F; A, mannitol 1-P; • , sorbitol 6-P. B, alkaline hj'- 
drolysis. Covered tubes, containing the same amount of ester as in A and KaOH to a 
final concentration of 0.1 n in a total volume of 1.0 ml., were boiled and assaj'ed as 
described in A. O, glucose 6-P; A, F-6-P; A, mannitol 1-P; • , sorbitol 6-P. 

librium value, an excess of acetaldehyde and of crystalline yeast alcohol 
dehydrogenase was added; the absorbance immediately rose to the value 
noted at the beginning of the reaction (Fig. 2). This was confirmation 
that one of the products of the new reaction was DPN. The reaction 
did not proceed without added extract or with boiled extract, and its 
initial rate was found to be proportional to the amount of bacterial extract 
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added. The nature orpld of the buffer used appeared to have no striking 
effect on the I’ate and extent of tlic roductioji of F-6-P, though a pH of 
6 seemed slightl.y more favoraljle than a neutral or alkaline buffer. 


Table II 

Enzymatic Hydrolysis of Hcxitol Phosphates Accompanied by Increase in 
Formaldehyde Formed by Periodate Oxidation 


Time (/) 

Inorganic 

phosphate 

CHiO 

A CH 2 O, 

« - h) 

Inorganic phosphate 

A CH20 

ini 71. 

limoles 


/jiniolcs 


0 

0 


0 


60 

17.8 


18.9 

0.94 

90 

18.2 

1 39.0 

20.4 

0.90 

120 

19.2 

i 

39.7 

21.1 

0.91 


20 ^imoles of mixed synthetic liexitol phosphates (formed bj’’ chemical reduction 
of F-6-P), 365 /imoles of sodium acetate buffer, pH 4.9, and 0.10 ml. of prostatic phos- 
phomonoesterase in a total volume of 4.0 ml., incubated at 37°. 



Fig. 2. Enzj^matic reduction of F-6-P by cell-free extract of E. coli. The cuvette 
contained 0.2 ml. of crude E. coli extract and 50 /mmoles of NaHCOs buffer, pH 8. 
At the second arrow 5 yumoles of F-6-P were added; at the third arrow, 100 ^molcs of 
ethanol and 10 y of crystalline j'cast alcohol dehydrogenase. Total volume 3.0 ml., 
temperature 25°. 

Assay Method — In a 3.0 ml. Beckman cuvette having a 1.00 cm. light 
path were placed 0.2 to 0.3 pmole of DPNH, 30 pmoles of potassium 
phosphate buffer, pH 6, 5 to 25 units of enzyme solution (for definition of 
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the unit see below), and water to a total volume of 2.90 ml. Absorbance 
was read at 340 mp in the spectrophotometer before and at 15 to 30 second 
intervals after mixing with 0.1 ml. of O.l M F-G-P solution. 1 unit of 
enzyme is defined as that amount which causes an initial rate of change 
in absorbance (A .-Umt) of 0.01 per minute under the above conditions at 
25°. Specific activity is expros.scd as units per mg. of protein. \S’hen 
crude bacterial extracts were assayed, it was often necessary" to dilute the 
extract mth buffer so that its absorbance at 340 mp was small enough to 
permit accurate spectrophotometric readings. The rate of endogenous 
oxidation of DPNH must be subtracted from the rate obtained in the 
presence of F-6-P. 

Preparation of Crude Cell-Free Extract — 15 gm. of freshh' harvested or 
lyophilized E. coli, strain B, were ground in a dulled mortar with an equal 
weight of powdered alumina (Alcoa A-301) and then extracted with 150 
ml. of ice-cold 0.02 M NaHCOj buffer. The extract was centrifuged 10 
minutes at 2300 X ^ at 0° and the residue of alumina and cell debris 
discarded. The supernatant liquid was dial3’zed overnight against 4 liters 
of 0.02 M XaHCOa solution in the cold room (4°). Alternativelj', the 
extract maj' be prepared bj' subjecting a suspension of bacteria in 10 
volumes of cold buffer to sonic oscillation for 10 minutes, followed bj' 
centrifugation and diah’sis. 

Purification Procedure — The diah'zed crude extract was acidified to pH 
4.7 ^dth cold 1 N acetic acid. After centrifugation the supernatant 
fluid was neutrahzed and brought to 0.55 saturation (2.66 m) with solid 
ammonium sulfate. After centrifugation for 10 minutes at 20,000 X g 
(0°) the ammonium sulfate concentration of the supernatant fluid was 
raised to 0.65 saturation (3.16 Ji). After further high speed centrifugation 
for 10 minutes the residue containing most of the activity' Avas dissoh'ed in 
a minimal amount of water. The preparation had no detectable DPNH 
oxidase, alcohol dehj^drogenase, lactic dehj'drogenase, or a-glj^cerol phos- 
phate dehj'drogenase actiA-itj', but still contamed some phosphohexoiso- 
merase acthdtjx® This procedure resulted in a 25- to 30-fold purification 
of the mannitol-phosphate dehj^drogenase (see Table III). 

Stability of Enzyme — ^The purified preparation ma3^ be kept at —20° for 
seA’eral months without loss of activit3’. It ma3' be further dial3'’zed in 
the cold, but this is invariabN attended 63’’ progressive loss of activit3’' 
with time of dial3"sis. Thus, diaNsis for 21 hours at 4° against 0.1 m 
X aHCOs-O.OS xi C3'steine solution, pH 7, resulted in 40 to 50 per cent loss 
of activit3^ The activity could not be restored by adding boiled enz3'me 
or 3.3 X 10~^ XI reduced glutathione, and the loss appears to be due to 
protein denaturation. The enz3Tnatic activit3' can be completeb^ de- 

’ The amount of phosphohexoisomerase varied in different preparations. 
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stroyed by healing for 10 minutes at 60°. Heat denatiu’ation is more 
rapid at pH 5 than at pPI 8. 

Stoichiometry of Reaction — Preliminaiy experiments had shown that, in 
order to drive the reaction as far as possible toward completion, it was 
necessary to use an excess of DPNH over F-6-P (2 DPNH:1 F-6-P). 
Furthermore, a preparation of DPNase from N. crassa was included in 
order to remove DPN as it was formed bj’’ severing its nicotinamide 
riboside linkage and thus draw the equilibrium further to the reduction 
of F-6-P. DPNase had little effect on the rate of the reaction, but in- 
creased the extent of DPNH oxidation considerablj'- in the presence of the 
E. coli enzyme. Equilibrium was considered to have been reached when 
there was no further decrease in absorbance at 340 niju. After the addition 
of perchloric acid to a final concentration of 10 per cent, fresh activated 


Table III 

Summary of Purification Procedure 



Total units 

Total protein 

Specific 

activity 

Per cent 
recovery 

Crude extract 

■1 

mg. 

1034 

134 

5.7 

units per 
mg. 

protein 

30 

117 

860 

61 

16 

Supernatant fluid, pH 4.7 

Ammonium sulfate, 0.55-0.G5 saturation 


Assay conditions as described in the te.\t. 


vegetable charcoal (Pfanstiehl Chemical Compaii}'', 100 mg. per ml.) was 
added to the protein-free solution and the mixture allowed to stand at 
room temi^erature, with frequent shaking, for 20 to 30 minutes. The 
charcoal was intended to remove all oxidized and reduced DPN which 
would otherwise have interfered in the subsequent colorimetric deter- 
minations. About 80 per cent of the nucleotides was adsorbed in the 
first cycle, and the charcoal treatment was repeated as often as necessary, 
fresh charcoal being employed each time, to remove the nucleotides com- 
pletely as judged by the lack of absorbance at 260 m^t of the supernatant 
fluid. The charcoal was then washed several times with water to recover 
anj’’ phosphate ester that had been adsorbed. The combined solution 
was neutralized with 5 N KOH and the resultant precipitate of KCIO4 
removed by centrifugation. Representative data for the disappearance of 
DPNH, reducing sugar, and ketose are presented in Table IV. In spite 
of the variation inherent in the method of obtaining the results, theie 
appears to be a fairlj^ close relationship between the amount of DPNI 
oxidized and the amount of reducing sugar disappearing. 
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The reaction jnelds a product which, on periodate oxidation, gave a 
considerable increase in formaldehyde over the starting material, F-G-P. 
Tliis formaldeln'de is the oxidation product of a primarj* alcohol group 
which is adjacent to a secondarj’ alcohol group. The results of Table lA* 
indicate that for everj' mole of DPNH oxidized 1 mole of F-G-P is reduced, 
with the formation of a sccondarA' alcohol group adjacent to an existing 
primary one. This suggested that the product of the reaction was ap- 
parently a-hcxitol phosphate. 

F-6-P -r DPNH + H~ — »• DPN'*' -f bcxitol phosphate 

Isolalion and Identification of Proditcl of F-G-P Reduction — ^lon exchange 
chromatograph 3 - according to the principles developed b\' lAh 3 Tn and Colm 
(35) was emplo 3 'cd. At the end of the F-G-P reduction, an excess of both 


T.\ble IV 

Sloichiomctnj of F-6-P Rcditction 


A DPXH, pmoles 

A reducing sugar, 

1 ^moles F" 6 *P 

Ketose disappearance, 
pmoles F- 6 -P 

Increase in CH :0 after 
penodate oxidation, 
/imoles 

2.3 

2.2 

2.5 


4.6 

3.5 


4.1 

5-7 

6.3 

7.0 


2 .S 

3.3 


I 


10 jjmoles of F-6-P, 20 pmoles of DPNH, 0.7 to 1.3 mg. of E. coli enzyme, XaHCOj 
buffer, pH 8.5 to 9.0; total volume 1.5 ml.; temperature 37°; time 1 to 3 hours. 


acetaldeh 3 ’-de and 3 'east alcohol deh 3 ’-drogenase was added to the boiled 
mixture in order to oxidize an 3 ’- residual DPNH. The solution was aerated 
to remove acetaldehyde, and a preparation of DPNase from N. crassa 
was added to the mixture to split the nicotinamide portion from the 
adenosine diphosphoribose moiet 3 ' of DPN. The reaction was followed 
spectrophotometricall 3 ^ b 3 ’' the c 3 mnide procedme of Colowick et al. (39). 
After completion of this reaction, the mixture was deproteinized by boiling 
for 10 minutes, and the supernatant fluid was concentrated under reduced 
pressure. The concentrate was brought to pH 9 with NaOH solution 
and adsorbed on a column (0.8 sq. cm. X 9 cm.) of Dowex 1 (formate) 
resin when solutions of sodium formate-formic acid of decreasing pH 
were used as eluents, or on Dowex 1 (chloride) when the eluents of ~^yTn 
and Cohn were used. All 10 to 15 ml. fractions were tested for absorbance 
at 260 and 340 mp, total and inorganic phosphate, ketohexose, and perio- 
date-oxidizable material. Nicotinamide could be washed from the col- 
umn with water. The product, assumed to be a hexitol phosphate, was 
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eluted in the first few fractions after deA’-elopment of the chromatogram 
had begun. Inorganic phosphate followed soon afterwards. To elute 
F-6-P it was necessary to use 0.03 n NH4CI. Adenosine diphosphoribose 
was tightly bound, but could be eluted with I m HCl. Total recovery in 
terms of total phosphate Avas approximately 95 per cent. 

In ascending paper chromatograms a new phosphate ester was detected 
at Rf 0.61 which gave a positive test for total carbohydrate but a nega- 
tive test for reducing sugar or ketohexose. 

The reaction mixture after enzymatic reduction of F-6-P was freed of 
pyridine nucleotide by charcoal adsorption, and the phosphate esters 
were dephosphorylated with intestinal or prostatic phosphatase (20). 
After deproteinization by boiling, a portion of the mixture was assayed 

Table V 

Assay of Sorbitol with Liver Sorbitol {'L-Iditol) Dehydrogenase 


The tubes contained, in 1.0 ml. total volume, potassium phosphate (pH 7.8) 350 
/imoles, DPN 0.7 /^mole, C. kluyveri extract 0.1 ml., and rat liver sorbitol deh}’^dro- 
genase 2.0 mg. The values in the table represent micromoles. 


Sorbitol added .... 
Mannitol added .... 

0 

O.I 

0.25 

0.5 

0.66 

1.0 

5.0 

Fructose found 

0 

0.07 

0.24 

0.45 

0.59 

0.90 

0 


Incubated at 37° for 60 minutes; trichloroacetic acid added to 5 per cent final 
concentration. Aliquot of filtrate analyzed for fructose by method of Roe. Fruc- 
tose values corrected for a small amount of color formed in the blank by liver ex- 
tract. 

for sorbitol with a preparation of sorbitol (n-iditol) dehydrogenase (40) 
from rat or beef liver. This enzyme has been shoAvn to oxidize sorbitol 
to fructose, but it Avill not act on mannitol or phosphorylated compounds. 
The results are presented in Table V. The crude extract of C. Idwjvcri 
containing DPNH oxidase (41) was added to shift the equilibrium of the 
reaction as far as possible toAvard the complete oxidation of sorbitol by 
reoxidizing DPNH as it AAms formed. This assay is sensitiAm to about 
0.1 pmole per ml. of sorbitol, measured after the dehydrogenase reaction 
as fructose (Table V). 

D-Sorbitol -b DPN'*' — > D-fructose ■+• DPNH -f- H+ 

DPNH -b O 2 -b H+ -» DPN+ + H 2 O 0 

Sum. D-Sorbitol -b O 2 — »■ D-fructose -b H 2 O 2 

In none of the samples tested could any significant amount of sorbitol 
be detected, AA’hile controls containing knoAvn amounts of sorbitol gaAC 
an equiAmlent of fructose. This negative eAudence indicated that the 
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product of the enzymatic reduction of F-G-P was proliably not sorbitol 
6-phosphate. 

The hexitol could not be identified by paper chromatography, but anion 
exchange clrromatography, according to the principles developed by Ivliym 
and Zill (36) for the separation of sugars, led to its identification. Dowex 
1 (borate) in a column O.S sq. cm. X 13 cm. was washed vith 50 ml. of 
0.005 M KsBiO;. 10 ml. of 0.01 M K;B407 solution containing 10 mg. each 
of fructose, mannitol, and sorbitol (55 pmoles) were added, and the column 
was washed -witli 10 ml. of 0.005 M K;B407, then eluted B-ith 0.015 m 
K;B 407 . Fractions (20 ml.) were tested colorimetrically for ketose and 
periodate-oxidizable material. As maj* be seen in the lower part of Fig. 
3, finctose was eluted first, followed bj- one of the hexitols. The other 
hexitol could not be eluted until the borate concentration was raised to 
0.030 II. Fractions of the last peak were combined, concentrated to 
dryness under reduced pressure, and rccrystallized from pyridine. The 
material melted at 160-164°, and authentic mannitol similarly rccrystal- 
lized melted at 164-166°. Since sorbitol melts at about 97°, the second 
hexitol fraction was mannitol and the first therefore sorbitol. Recover^' 
of fnictose was quantitative; of the hexitols, onlj' 60 to 70 per cent. 

The depbosphoi^dated reaction product was chromatographed similarlj*, 
and the result is depicted in the upper portion of Fig. 3. The major 
portion of hexitol could not be eluted until the borate concentration had 
been increased to 0.030 m. This corresponds to the behavior of mannitol. 
Hence it appeared that the product of the enzymatic reduction of F-6-P 
was indeed mannitol 1-phosphate. 

Reversibility of F-6-P Reducing Reaction — ^UTien the isolated hexitol 
phosphate was incubated in bicarbonate buffer at pH 9 with DPN in the 
presence of the partially purified enzj^me preparation, there was a rapid 
increase in absorbance at 340 mfi until a new equilibrium was reached. A 
simultaneous increase in ketose and reducing sugar was obsen-ed. When 
excess of both acetaldehyde and j-^east alcohol dehydrogenase was added, 
the absorbance at 340 mpi fell to its initial value. 

As shown in Fig. 4, synthetic sorbitol 6-phosphate was inactive in this 
test, but both the mixture resulting from the chemical reduction of F-6-P 
and authentic mannitol 1-phosphate prepared from sjmthetic mannose 
6-phosphate possessed acthdty comparable to that found with the isolated 
product of the enzymatic reduction of F-G-P when all were tested at the 
same concentration. A preparation of mannitol 1-phosphate sjmthesized 
by Dr. J. hlarmur and Dr. R. D. Hotchkiss by direct phosphorjdation of 
mannitol (16) was also found to be active. Thus the product of the 
reaction catalyzed by the enzyme from E. coli is n-mannitol 1-phosphate, 
and the enzyme has been named n-mamiitol 1-phosphate dehydrogenase. 
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Specificity — Table VI indicates the remarkable substrate specificity of 
the enzyme. Neither free fructose nor glucose is reduced, and, rvithin 
the limits of the availability of sugar phosphate esters, the substrate 
specificity of mannitol phosphate dehydrogenase appears to be absolute. 
The slight activity of the preparation with glucose 6-phosphate can be 
ascribed to contamination of the enzyme with phosphohexoisomerase which 
was not completely removed during purification.^ The specificity for the 
electron donor in the enzyme system is also shown. 



ML THROUGH COLUMN 

Fig. 3. Ion exchange chromatogram (Doive.x 1 resin, 200 to 400 mesh, borate form) 
of fructose, mannitol, and sorbitol solution and of dephosphorjdated enzymatic re- 
action product solution. 


Saturation Curves — Values of the Michaelis constants for half saturation 
of the enz 3 nne, calculated by the method of Lineweaver and Burk (42) 
and plotted b}'^ the method of least squares, are 1.17 X F-G-P, 

1.40 X 10~® M mannitol 1-phosphate, 2.49 X 10~‘* M DPNH, and 2.29 X 
10“^ M DPN. 

Effect of Inliihitors on Mannitol 1-Phosphate Dehydrogenase — Semicarba- 
zide, h 3 ^drox 3 damine, and sodium fluoride (all at 5 X 10”^ m) did not in- 
fluence the enz 3 '-matic oxidation of mannitol phosphate. The absence of 
inhibition b}" disodium eth 3 denediaminetetraacetate (5.4 X 10“' ^0, 
KCN, or XaX:i (10“" -u), con.sidered together with the lack of .stimulation 
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of purified enzyme preparations by added magnesium ions (2.5 X 10~' 
m), indicates that the enzyme system has no metal requirement. The 
GO per cent inhibition by 10^ m p-chloromercuribenzoate could be com- 
pletely reversed by subsequent addition of 5 X 10~' .vi glutathione. The 
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Fig. 4. Reversal of F-6-P reduction with isolated product of reaction and with 
synthetic hexitol phosphates. The cuvettes (1.0 cm. light path) contained 0.5 /nnole 
of DPX, 2.3 units of enzjme, 1.1 to 1.7 /imoles of hexitol phosphate, and 0.1 siNaHCOs, 
pH 9.3, in a total volume of 3.00 ml. .■Vt the end of the reaction 10 /xmoles of acet- 
aldehyde and 10 of crystalline yeast alcohol dehydrogenase were added. Ano r 
— .4 3(0 0 ' represents the increase in optical density at a given time. 


mercurial compound is generally considered to be a fairly specific reagent 
(at low concentration) for sulfhydiyl groups. Even though sodium iodo- 
acetate (5 X 10“^ m) did not inhibit the enzyme, the conclusion appears 
warranted that the mannitol phosphate dehydrogenase requires one or 
more free sulfhj^drjd groups for activity. 

Equilibrium of Reaction—SVhen it was found that the reduction of 
F-6-P was reversible, attempts were made to study the equilibrium and to 
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calculate an equilibrium constant for the reaction 

D-Mannitol 1-P + DPN+ — > F-6-P + DPNH + H+ 

^ (F-6-P)(DPNH)(H+) 

‘ (Mannitol 1-P)(DPN+) 

In these experiments the relative concentrations of F-6-P and DPNH 
were varied, as well as the pH between 6 and 10. The values for DPN 
and mannitol 1-phosphate were calculated b3’’ subtracting the measured 

Table VI 


Substrate -f- Coenzume Specificity of Mannitol 1-Phosphate Dehydrogenase 


Substrate* 

Per 

cent 

activ- 

ity 

Coenzymet 

Per 

cent 

activ- 

ity 

D-Fructose 6-phosphate 

100 

DPNH 

100 

D-Glucose 6-phosphate 

10 

Deamino DPNH 

22 

D-Fructose 

0 

3-Acet3'l p 3 'ridine analogue of DPNH 

0 

D-Glucose 

0 

TPNH 

0 

D-Fructose 1 -phosphate 

0 



" 1,6-diphosphate 

0 



D-Mannose 6-phosphate 

0 



L-Sorbose 6-phosphate 

0 



D-Tagatose 6-phosphate 

0 



D-Ribulose 5-phosphate 

0 



D-Sedoheptulose 7-phosphate 

0 




* 550 jumoles of phosphate buffer, pH 7.5, 0.07 ixmole of DPNH, 3 /xmoles of sub- 
strate, and 15 units of partially purified enzyme, in a total volume of 1.0 ml. Tem- 
perature 23°. 

t 300 jumoles of NaHCOj buffer, pH 8, 15 /xmoles of F-6-P, 4 units of partially 
purified enz^’^me, 0.2 jumole of coenzyme, in a total volume of 3.0 ml. Temperature 
23°. 

changes in concentration of DPNH and F-6-P from the known concentra- 
tions added. Some data were also obtained, starting with known con- 
centrations of mannitol 1 -phosphate and DPN and varying the pH. 
Here the amount of DPN reduced was taken as equal to the F-6-P formed 
by oxidation of mannitol 1 -phosphate. From the average Kc at pH () of 
4.9 rt 3.6 X 10“^”, the change in free energj'" for the oxidation of mannitol 
1-phosphate has been calculated as A F° — 12,700 calories. 

Effect of pH on Enzyme Activity — As mentioned earlier, pH or the 
nature of the buffer (with pho.sphate, pyrophosphate, glycylglycine, oi 
bicarbonate) had no marked effect on the initial rate of F-6-P reduction 
by the enzyme. The onh^ effect that could be observed in numerous 
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attempts to detect a pH optimum for the reaction was a very gradual 
decline in activity from pH 6 to pH 10; therefore the lowest pH (G.O) at 
wliich DPiSH is stable was gencralh' used in assays. However, the en- 
zymatic oxidation of mannitol 1-phosphate in the presence of DPN was 
found to be markedly affected by pH. As a consequence of the finding 
that maximal activity occurred near pH 10, NaHCOs buffer of pH 9 to 
10 was used roxdinely in assays in this direction. 

Disfribulion of Manniiol 1-Phosphate Dehydrogenase — ^Extracts of several 
microorganisms were tested in a mixture consisting of 2.5G ^imoles of 
mannitol 1-phosphate, O.GO /^mole of DPX, 10 /xmoles of HaHCOs buffer, 
pH 9.0, and 0.05 ml. of extract in a total volume of 1.0 ml. 1 unit of 


T.xble VII 

Disiribuiion of Mannitol 1-Phosphatc Dehydrogenase 


Orpinism (ATCC No ) 

Specific activity 

A. aerogenes (S724) 

untis per protein 

1000 

E. coli (Crookes strain) (8739) 

638 

L. casei (9595) . 

i 660* 

“ “ (7469). 

350* 

“ plantarum 

193, 110 

S. cerevisiae 

21 

L. mesenteroides (glucose-grown) 

19 

“ “ (arabinose-grown) 

0.6 


All units are expressed in terms of oxidation of mannitol 1-phosphate. 
* Assayed hy reduction of F-6-P. 


enzyme is defined as that amomit which causes an initial rate of change 
in absorbance at 340 m/x of 0.010 per minute at 23° under the above condi- 
tions. The two L. casei strains were tested with F-6-P instead of mannitol 
1-phosphate. Positive results are presented in Table VII. Yeast ap- 
pears to resemble bacteria more than fungi in this aspect of metabolism; 
in the onlj* other mold tested, N. crassa 5297a, no activity was detected. 
The high activity found in members of the colon-aerogenes and homo- 
fermentative (L. casei) and heterofermentative (L. plantanim and L. 
mesenteroides) lactobacillus groups indicates that mannitol 1-phosphate 
dehydrogenase represents a major pathway of mannitol and fructose 
utilization in those organisms. 


mscussiox 

The enzjune from E. coli discussed here differs in its substrate specificity 
from the polyol dehj'drogenase of mammalian liver discovered by Blakley 
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(40) and further tested by Edson and McCorldndale (43, 44). The latter 
enzyme is believed to be identical with that from rat accessory sexual 
organs found by Williams- Ashman and Banks (45). Whereas the E. 
coU protein will catalyze only the reduction of F-6-P or the oxidation of 
mannitol 1-phosphate in the presence of pyridine nucleotide, the liver 
enzyme oxidizes D-sorbitol, L-iditol, and a few other sugar alcohols fitting 
the specificity rules deduced by Edson and McCorkindale, but it mil not 
attack mannitol or any phosphorylated compounds. The liver enzj'^me, 
however, shares with the E. coli enzyme a coenzyme specificity for DPN. 

The very high degree of substrate specificity and substrate affinit}'’ of 
the mannitol 1-phosphate dehydrogenase makes the enz 5 '^me a useful 
analytical tool in the study of certain phases of carbohydrate metabolism. 
With the partially purified enzyme preparation from E. coli it has been 
possible to detect concentrations of F-6-P as low as 2 X 10~^ m, which 
lies below the sensitivity of most commonly used colorimetric and chromat- 
ographic methods. 

It should be noted that, although the mannitol phosphate dehydrogenase 
is quite specific, an enzyme capable of oxidizing sorbitol 6-phosphate has 
been detected in E. coli grown on sorbitol (46). Extracts of E. coli cells 
grown on dulcitol have been found to reduce tagatose 6-phosphate; cells 
grown on sorbitol or mannitol are not able to reduce this ketose sugar 
(46). 

It is of considerable interest to note that Marmur and Hotchkiss have 
recently found mannitol phosphate dehydrogenase activity in Diplococciis 
pneumoniae cells able to grow and metabolize mannitol in media in which 
mannitol is the limiting energy source (47). This ability to utilize man- 
nitol can be transferred to non-mannitol-utilizing cells by incubating the 
latter for a short time with deox^aibonucleate preparations from mannitol- 
utilizing mutants. 

In comparing the equilibrium constant obtained in this study with 
values for the liver n-iditol dehydrogenase, it should be pointed out that 
Blakley’s (40) value of 0.240 ± 0.013 at 20° and at pH 8.0 does not in- 
clude the hydrogen ion concentration. On the other hand, the hydrogen 
ion concentration is included in the average equilibrium constant of values 
determined at various hydrogen ion concentrations bj'' Williams-Ashman 
and Banks (45), given as 2.05 X 10-» at 25° for the oxidation of sorbitol. 
These authors observed that a rise in pH displaces the equilibrium of the 
reaction toward the complete oxidation of sorbitol. A similar effect has 
been noted for mannitol 1-phosphate oxidation in the E. coli system. The 
value of the equilibrium constant obtained with the li^^er sorbitol system 
is of the same order of magnitude as that found for the E. coli mannitol 
phosphate dehj'-drogenase, but is about 100 times larger than those re- 
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ported for the oxidation of glycerol to dihj'droxyacetone in A. acrogcncs* 
or of glycerol phosphate to dihydroxj-aeetonc phosphate by Baranowski’s 
muscle enzyme (48). The difference may be due to the increased stability 
of F-G-P in its 2,5-furanosc form. Although it is presumably the acyclic 
form of F-6-P u’ith a free carbonyl group that is active in the enzymatic 
reduction, most of the product of the oxidation of mannitol 1 -phosphate 
will be immediatclj' cyclized to the more stable furanose form of F-6-P 
as soon as it is formed, thus displacing the equilibrium further toward 
the formation of the ketose than is possible in the case of 3-carbon com- 
pounds. 

A more extensive sur\'ey of bacteria of the groups Lactobacteriaceae 
and Pseudomonadaceae should be made before definite conclusions can be 
drawn about the presence or absence of a pathway involving the phos- 
phorylated mannitol as an intermediate. That this pathwaj' exists in 
members of the coli-aerogencs and lactic acid bacteria has been shown, 
but it is not clear whether all organisms which can interconvert fructose 
and mannitol utilize the phosphorjdated route or whether a direct oxida- 
tion may occur in some species, as has been suggested by Sebek and Ran- 
dles and others. 


SUMMARY 

1. A soluble enzyme from Escherichia coli B has been found to reduce 
F-6-P reversibly to mannitol 1-phosphate in the presence of DPNH. 
The enzj^me has been purified some 30-fold bj' isoelectric precipitation of 
protein impurities and fractionation with ammonium sulfate. 

2. The enzj'me has an absolute specificity for F-G-P and a high degree of 
specificity for DPNH; TPNH is inactive. The dissociation (i\Echaehs) 
constants are 1.17 X 10~^ m F-G-P, 2.49 X 10"'* m DPNH, 1.40 X 10“'* 
M mannitol 1-phosphate, and 2.29 X 10~* ai DPN. 

3. The reaction product has been identified as mannitol 1-phosphate 
by (a) identity in enzymatic and chemical properties •with sjmthetic 
mannitol 1-phosphate, (5) anion exchange chromatography after enzy- 
matic dephosphorylation, and (c) lack of activity of the dephosphorjd- 
ated compound with the sorbitol (n-iditol) dehydrogenase from liver. 

4. Sorbitol 6-phosphate and mannitol 1 -phosphate have been sjmthe- 
sized by potassium borohydride reduction of glucose 6-phosphate for the 
former and of mannose 6-phosphate for the latter. Mannose 6-phosphate 
was also prepared from mannose 63' chemical s3'nthesis. 

o. The enz3-me requires one or more free sulfhydr3d groups for activitv, 
as shown 63' its sensitivity to p-chloromercuribenzoate and reversal of this 
inhibitoiy action 63' glutathione. No metal cofactors are required. 

* Burton, Tl. M., Lamborg, M. It., and Kaplan, X. O., in preparation. 
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0. Tile pH for optimal mannitol 1 -phosphate oxidation lies near 10, 
but the optimum for F-6-P reduction is not as sharply defined, being near 
pH 6. 

7. The equilibrium of the reaction lies far toward reduction of F-6-P. 
The value of the constant is considerabl}'’ higher than that for the forma- 
tion of triose phosphate from gljmerol phosphate, the difference presumably 
being due to formation of the furanose form of F-6-P. 

8. The enz^TOe has been found in crude extracts of bacteria of the colon- 
aerogenes group, lactobacilli, and in yeast. 
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rOle of phosphorylcholixe in acetylcholine 

SYNTHESIS* 

By JAMES F. BERRYf and ELMER STOTZ 

(From the Dcparlmcnl of Biochemistry, The University of Rochester School of Medicine 
and Dentistry, Rochester, New York) 

(Received for publication, June 6, 1955) 

Phosphorylcholine has been previously described as a constituent of 
tissues although its complete metabolic significance has not been investi- 
gated. Studies bj’ Beznak and Chain ( 1 ) revealed that phosphor3'lchoHne 
was relatively inert phj'siologically as compared to choline and acetY’l- 
choline. Nachmansohn and Machado ( 2 ) had originally proposed that 
phosphorjdcholine might be an intermediate in acetj'lcholine s3mthesis, 
although Comline ( 3 ) was unable to demonstrate such activitj' in saline 
extracts of brain acetone powder. Also, atropine was found not to have 
am’- effect on the ph3’siological response provoked b3’ phosphor3’-lcholine, 
suggesting that acet3’lcholine was not the active compound concerned 
( 4 ). Recentl3", a compound believed to be phosphor3’lcholine was re- 
ported as appearing during acet 3 -lcholine S 3 'nthesis b 3 ' extracts of brain 
acetone powders ( 5 ). Wittenberg and Kornberg ( 6 ) isolated and purified 
from acetone powders of various tissues, including brain, an enz3'me termed 
cholinephosphokinase, which catal3'zed the formation of phosphoiylcholine 
and adenosine diphosphate (ADP) from choline and adenosme triphos- 
phate (ATP). 

In the present investigation, phosphor3’-lcholine was found to be more 
active than choline as a precursor for acet3dcholine s3Tithesis in brain 
extracts, and various metabolic mechanisms are considered. 

EXPERIMENTAL 

Enzyme — The enz3mie S3'stem for acet3dcholine s3'nthesis was prepared 
according to the procedure of Nachmansohn and .lohn ( 7 ). Twelve rats 
were decapitated and the brains dissected immediatel3’'. Cerebral cortices 
were separated from white matter, weighed, and the pooled material 
frozen b3’- immersion in an acetone-dr3’ ice mLxture maintained slightlv 
below — 10 °. The frozen tissue was ground with 10 ml. of acetone in a 
cold Potter-Elvehjem homogenizer and further gi-ound ■'Aith 300 ml. of 
acetone in a ball mill for 3 hours in the cold. The material was poured 

* Supported in part by the Ernest L. Woodward Fund. 

t Present address, Biochemistry Department, University of Western Ontario 
School of ^Medicine, 346 South Street, London, Ontario, Canada. 
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into 300 ml. of acotono-diy ice inixliirc (bcJoiv — 10°). The precipitate 
(hat .set I led was removed ]\y fiUration and the last traces of acetone were 
removed wi(h svudion. 33ie powder was air-dided and stored in a desic- 
cator at — 10°. 


Table I 

Effect of Various Factors on Activity of Phosphonjlcholine As Substrate for 

Acetylcholine Synthesis 


.Afodificalion.s in complete medium 

jAcetylchoiine 

formed 

Choline 

riiosplioryl- 

clioline 

ATI’ 

CoA 

Pyruvate 

Acetaldehyde 

.Acetate 

jimoles per 
gm. brain 
per hr.* 

-b 

— 

+ 

+ 

+ 

+ 

-b 

31.5 

+ 

— 

— 

+ 

+ 

+ 

-b 

2.4 

— 

+ 

-h 

+ 


-b 

+ 

44.0 

— 

+ 


+ 

+ 

+ i 

+ 

32.9 

— 

+ 

+ 

— 

+ 

+ 

1 + 

24.3 

_ 

-f- 

! + 

+ 

1 " 

+ 

1 

7.5 

— 

+ 

+ 


I ^ 

— 

+ 

9.S 

— 

+ 

+ 

+ 

-b 

+ 

— 

38.3 

— 

+ 

-b 

+ 

— 

— 

+ 

0 

— 

+ 

+ 

+ 

— 

-b 

— 

0 

— 

+ 

-b 

+ 

-b 

_ 


5.9 

— 


+ 

+ 

— 



0 


The complete sj’stem contained 0.5 ml. of 0.2 m sodium pynivate, 0.1 ml. of 0.2 
per cent cocarbo.': 3 'laso at pH 6.0, 0.2 ml. of 0.5 m potassium ferriej'anide, 0.3 ml. of 
neutralized Pabst ATP (22 mg. per ml.), 0.3 ml. of reduced Pabst 90 per cent cocn- 
zj-^me A (1.1 mg. per ml.), 0.2 ml. of choline chloride (30.8 mg. per ml.) or 0.3 ml. of 
calcium phosphorjdcholine chloride (10 mg. per ml.), 0.2 ml. of sodium acetate (45 
mg. per ml.), 0.2 ml. of sodium fluoride (13.9 mg. per ml.), 0.2 ml. of neutralized 
cysteine hj^drochloride (52.5 mg. per ml.), 0.3 ml. of acetaldehj-de (23.6 mg. per ml.), 
1 to 2 drops of tetraethjd p 3 U'ophosphate, 0.3 ml. of cnz 3 mre, 0.15 ml. of Krebs-Pinger- 
phosphate buffer at pH 7.0, distilled water, total volume, 3.3 ml. Incubated for 
90 minutes at 37°. Samples from flasks containing no enz 3 ’^me or from flasks in which 
the reaction was stopped at zero time served as anal 3 ’tical controls. 

* These figures obtained with one enz 3 'me preparation which represented a pool- 
ing of twelve rat brains. Other preparations showed different absolute activities, 
but the same relations between e.xperiments as illustrated in Table I. 

For use, 0.5 gm. of powder was extracted with 10 ml. of 0.007 m potas- 
sium phosphate buffer in 0.05 m KCl, pH 7.0 to 7.2. This was accom- 
plished by'’ grinding the material Avith sand and 5 ml. of the buffer, fol- 
lowed by'^ transfer with an additional 5 ml. to a cold Potter-Elvehjcm 
homogenizer in which the material was further ground. After centrifuga- 
tion in the cold, the supernatant solution Avas used as the enzyme source 
for the experiments recorded. 
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Incubalion Medium — An incubation medium (S), modified according to 
the specifications of Jagannathan and Schweet ( 9 ) to favor pj'mvate oxida- 
tion, vas used. The complete medium contained sodium pj'invate, 
cocarboxj-lase, ferric3'anide, ATP, coenz3'me A (CoA), choline, acetate, 
fluoride, C3'steine, and tetraeth3'l p3-rophosphate.' Acetaldeh3'de and 
phosphor3’lcholine- were added in some experiments, and the exact addi- 
tions are shown in Table I. Solutions omitted from the medium were 
replaced b3’ distilled water. 

General Procedure — ^Incubations were carried out in Warburg flasks at 
37 ° for 90 minutes. Enz 3 Tne and C 3 '’steine solutions were placed in the 
side arms of the flasks. 1.0 ml. of the incubation mixture was removed for 
assa3’ of acet3-lcholine b3' the procedure of Hestrin ( 11 ). 

Results 

Table I illustrates that, under the conditions emplo3'ed, acet3'lchohne 
S3mthesis proceeds at a more rapid rate with phosphor3'lcholine as sub- 
strate than with choline. 

As illustrated in Table I, in experiments in which phosphoiylcholine 
was used the omission of ATP from the medium caused a partial decrease 
in acet3dcholine s3Tithesis. Omission of coenz3Tne A caused a cousider- 
abl3’ diminished S3'nthesis. Acetate, p3Tuvate, or acetaldeh3-de as sole 
acet3d donors did not support acet3’lcholiue s3mthesis to a significant 
extent, while the combination of acetaldeh3'de and p3Tuvate was ver3’- 
effective in promoting s3nithesis. Diah'sis of the enz3Tne preparation was 
found to cause some loss in its acti\'it3', but relationships similar to those 
recorded in Table I were still obtained. 

DISCXJSSIOX 

Phosphor3dcholine appeared in these experiments to be a more effective 
substrate for acet3dcholine S3Tithesis than choline in equivalent S3'stems. 
According to the suggestion of Rile3" (12), the phosphor3’lcholine might 
suppW an energ3'-rich compound to the S3'stem. The mechanism suggested 
would necessitate an oxidation of the chohne portion of the molecule, 
which seems unlikeh* in this S3'stem, since added phosphor3"lcholine was 
the sole source of the choline portion of the acet3'lcholine formed. The 
possibilit3^ also existed that there might be a direct reaction between 
phosphoiylcholine and acetate, acetaldeh3'de, or p3Tuvate. Actuall3' 
none of these acet3d donom supported acet3'lcholine S3'nthesis when used 

' Tetr.'iethyl pyrophosphate was obtained from the Army Chemical Center, 3Iar3-- 
iand. 

- Calcium phosphorylcholine was provided by Dr. Richard F. Rilej-, Universitj- of 
California, Atomic Energy Project, Los Angeles, California, and was the product 
lirepared as described bj' him (10). 
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alone or in combination, except in the case of pj’-nivate pins acetaldehyde, 
which was veiy effecti^’c and for Avhich no simple explanation is readily 
available. The apparent requirement for coenzyme A indicates the 
formation of acetjd coenzyme A prior to acctjdcholine formation, rather 
than a direct reaction of an acet3d donor with phosphorylcholine. 

The most likelj'’ lypothesis to account for the facts is the reversal of 
the reaction forming phosphorylcholine from choljne and ATP as catal3'^zed 
by cholinephosphokinase. Thus phosphoiylcholine would provide the 
ATP necessary for acet3dcholine S3mthesis, and the experimental data 
demonstrate that phosphoiylcholine is even more efficient than addition 
of choline and ATP. 


SUMMARY 

1 . Phosphorylcholine appeared to be a more effective substrate than 
choline for acet3dcholine s3mthesis in extracts of rat brain acetone powders 
with added ATP. 

2 . Omission of ATP nearly abolished acetylcholine s3’-nthesis when 
choline was employed as substrate, but caused only a small depression in 
synthesis when phosphorylcholine was used. Omission of coenzyme A 
caused a reduction in the acetylcholine formed when phosphorylcholine 
was used as the substrate. 

3 . Various mechanisms are discussed for the possible r 61 e of phosphoryl- 
choline in acetylcholine s3aithesis. 
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Yeast polygalacturonase (YPG) catalj'-zes the h 3 'drolysis of pectic acid 
to a mixture of digalacturonic and galacturonic acids (1). The reaction 
course consists of (a) an initial rapid attack on the linear chain bj’- a ran- 
dom mechanism until about 25 per cent h 3 ’^drolj’sis has occurred, (b) a 
slower phase during -which an additional 25 per cent of the available bonds 
are broken, and (c) an extremel 3 ^ slow h 3 'drol 3 ’^sis which ceases at the 70 
per cent value. The reactions are as follows; 

(а) Pectic acid — > tetra- + tri- -{- di- -f- galacturonic acids 

(б) Tetragalacturonic acid — ♦ tri- + galacturonic acids 

(c) Trigalacturonic acid — » di- -b galacturonic acids 

The initial h 3 ’-drolysis is optimal at pH 4.4, while breakdo-wn of the tetramer 
has its optimum at pH 3.5. The last reaction also proceeds faster at the 
lower pH. 

In view of the various reaction rates, the different optimal pH values, 
and the presence of man 3 ’^ substrates of -widely different molecular weights, 
it was of interest to determine whether the YPG S 3 'stem consists of one or 
more pectic enzymes responsible for the above reactions. It should be 
noted that Dingle et al. (2) and A 3 ’Tes et al. (3) have postulated that poty- 
galacturonase (PG) of Aspergillus foelidus is a complex of at least three 
enzymes. Schubert (4) has repoi-ted the presence of four pectic enz 3 Tnes 
in the culture fluid of Aspergillus niger. Saito et al. (5), on the other hand, 
have reported two pol 3 'galacturonases in shaking cultures of A. niger. It 
will be sho-v\-n that our results give proof that YPG consists of a single 
enz 3 mie, catal 3 ’^zing the reactions (a), (6), and (c). 

Methods 

YPG Preparation — ^The enz 3 Tne solution was the culture fluid of Sac- 
charomyces fragilis, obtained under growing conditions described earlier 
( 6 ). 

* A preliminary communication of this work was published (21). 

t Present address, Research Laboratories, Merck and Company, Inc., Rahwaj-, 
New Jersey. 
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Deterniinalion of Reaction Rates — When pectate n-as the substrate, a 
modified Willstatter-Schudel hypoiodite method was used (7), the liber- 
ated reducing groups being expressed in millimoles. Breakdown of the oli- 
gouronides was followed by the Yemm semimicro iodometric procedure (8). 
Assay conditions, activity units, and the methods of substrate preparation 
were the same as those described in a previous paper (1). In the develop- 
ment of the adsorption procedure, a rapid viscometric procedure was used. 
A modified Wichmann pectic acid, which was fairly stable for a number of 
days when stored at 5° with toluene, Avas the substrate. It Avas prepared 
by dissolving 10 gm. of sodium polypectate (California Fruit GroAA'ers 
Exchange, Ontario, California) in 845 ml. of distilled Avater, folloAved by 
homogenization in a Waring blendor for a feAv minutes. 55 ml. of HCl 
(3.4 n) Avere added dropwise AAuth Augorous stirring, producing a firm gel. 
After adding 100 ml. of AA^ater, the solution Avas again blended, boiled for 
5 minutes, and filtered by suction Avhile hot. The precipitate was im- 
mediately washed Avith hot AAmter until the washings Avere free of chloride 
ions. It Avas then added to 600 ml. of AA^ater, adjusted to pH 5 AAuth NaOH, 
and filtered. Fresh solutions Avere prepared from the gel every few days. 
For activity determinations, 9.9 ml. AA^ere pipetted into an Ostwald-Can- 
non-Fenske capillary viscometer (9), folloAAmd by 0.1 ml. of suitabb'' diluted 
enzyme solution (added after reaching temperature equilibrium). Initial 
flow time aa^s obtained by substituting buffer for enzyme. Readings AA^ere 
taken at short intervals and the time for 50 per cent viscosity reduction 
was noted. Fig. 1 shoAvs the linear relationship betAveen enzyme concen- 
tration and the reciprocal of the time required to reach 50 per cent vis- 
cosity. 

Electrophoresis — The electrophoretic analysis of YPG Avas conducted m 
a portable Tiselius electrophoresis apparatus manufactured by The Perkm- 
Elmer Corporation, Noi'Avalk, Connecticut (model 38). 2 ml. cells AA^ere 
used in an open system. 

Determination of Protein Concentration — Two methods Avere used. For 
Amry small amounts of protein, the method of LoAvry cl at. (10) AA^as em- 
ployed. The protein concentrations Avere read from a standard curve, pre- 
Auously constructed Avith crystallized bovine plasma albumin (Armour and 
Company, Chicago, Illinois). Standards Avere freshly prepared Avith each 
series of determinations. The method could not be used AA'hen (NH 4 ) 2 S 04 
Avas present in the solution, oAving to precipitation of the Folin-Ciocaltcu 
reagent. Wlien this Avas the case, the absorption at 280 m/x (11) AA'as used. 
All the solutions studied had ratios of optical densities at 280 and 260 
mu AA^hich Avere over 1.5, indicating little or no interference from nucleic 
acids. 3 ml. silica cmmttes Avere used in a Beckman DU quartz spectro- 
photometer at room temperature. Standard curves Avere prepared avi a 

the albumin. 
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Prcparalion of Pcdic Acid Gel for Adsorption Studies — ^The gel was pre- 
pared in the same manner as the pectic acid used for -riscometric assa3’^s, 
except that the final step, i.e. adjustment of the pH to 5, was omitted. 
The material was left in the gel form and made into a slimry bj’- blending 
for a few minutes. The entire adsorption and elution procedure was done 
at 4°. 

Pcsidts 

Concentration of YPG — ^Preliminarj’^ experiments showed that the enzj^me 
could be adsorbed almost completelj' from solution at pH 3 at low tem- 



ml. YPG ml. PECTIC ACID GEL 

Fig. 1 Fig. 2 

Fig. 1. Relationship between YPG concentration and the reciprocal of the time 
required to lower the viscosity of a sodium pectate solution 50 per cent. 

Fig. 2. Relationship between concentration of pectic acid gel and the amount of 
YPG adsorbed. Increasing amounts of gel were added to 25 ml. samples of culture 
fluid in separate beakers. The total volume was made to 30 ml. with water. The 
mixtures were stirred mechanicallj" for 2 minutes and centrifuged. The supernatant 
solutions were assayed viscometrically. 

peratures by pectic acid, calcium pectate, and calcium phosphate gels. 
The enzyme could be eluted easily with buffers at pH 5. Pectic acid gel 
was selected for further work. 

In a small scale experiment, it was found that stining the crude culture 
liquid (containing IQ-- polygalacturonase unit per ml.) u-ith the pectic 
acid gel in a 10:1 ratio resulted in maximal adsorption (Fig. 2). A slight 
foaming during the stirring procedure did not inactivate YPG. Enz}'- 
matic breakdown of the gel did not occur noticeablj^ even over a period of 
several hours. 

For large scale work, 5.8 liters of crude YPG and 580 ml. of gel were 
mixed. After centrifugation, the gel was washed with 150 ml. of O.Ol ii 
acetic acid (pH 3.5) for 15 minutes. This step washed out most of the 
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unadsorbed material but removed no YPG. Centrifugation followed, and 
the adsorbed protein was eluted vnth two successive 150 ml, portions of 1 
M acetate buffer at pH 5.0. Centrifugation followed each elution and the 
eluates were combined and placed at room temperature overnight to de- 
compose any pectic acid which might have dissolved during the elution. 

Table I shows the results of the operation. Less YPG was adsorbed 
than in the small scale expei’iment. However, 98 per cent of the adsorbed 
activity was recovered in the eluate, resulting in a 13-fold concentration of 
activity. There was practicall}’- no increase in specific activity. There- 


Tabi.e I 


Changes Occurring during YPG Conceniration on Pectic Acid Gel 


Sample 

Volume 

.‘\ctivity* 

Total 

activity 

Per cent 
activity 

Protein! 
concentra- 
tion after 
dialysis 

Specificf 

activity 


ml. 

per ml. 



mg. per ml. 

per mg. 
protein 

Culture fluid 

5800 

0.00935 

54.23 

100 

0.059 

0.165 

Supernatant after ad- 







sorption 

6270 

0.00140 

9.41 

17.3 



Washings 

200 

0.00004 

0.01 

<0.1 



Eluates 

365 

0.12000 

43.80 

80.8 

0.890 

0.16S 


* YPG determinations by hj^poiodite method. 1 unit of hydrolytic activity is the 
amount that will release 1 mmole of reducing groups per minute at pH 5.0 from a 0.5 
per cent pectate solution. 

t Dialysis was necessary for specific activity determinations to remove an}' intei- 
fering aromatic amino acids which might still be present fi'om the original culture 
medium. 


fore, the following data obtained with concentrated YPG would also applj’’ 
to untreated YPG. 

Electrophoretic Analysis of Concentrated YPG — ^Ammonium sulfate uas 
added to concentrated YPG until saturated and the precipitated protein 
was recovered 1)3’- filtration. The precipitate was taken up in a small 
amount of acetate buffer (0.1 m, pH 4.0) and dia^'-zed in the cold against 
the same buffer. Electrophoresis of a 1 per cent protein solution was con- 
ducted in the same buffer. Photographs of the ascending and descending 
limbs were taken at various times by the modified Longsworth scanning 
method (12). Separation of the components did not occur well in tic 
descending limb, resulting in one broad peak. Therefore, only ascen mg 
photographs are shown in Fig. 3. Two rapidly moving peaks are evident, 
the faster one comprising roughly 95 per cent of the total protein. le 
broad, slowly moving peak near the origin is the protein concen la 









H. J. PHAFF AND A. h. DEMAIN 


879 


gradient anomaly (6 anomaly) and does not correspond to an additional 
protein component (13). 

At least two proteins appear to be present in the concentrated YPG. 
Electrophoresis of a sample of culture fluid which had been concentrated 
solely bj' ammonium sulfate precipitation gave a similar pattern, confirming 
that the adsorption procedure does not change the protein composition 
noticeably. 

Variable Solvent Sohibililij Test of Concentrated YPG — Since electro- 
phoresis gives information only as to the minimal number of protein com- 
ponents, solubility studies were al.so made. 





iMVl 



Fig. 3. Ascending electrophoretic patterns of concentrated YPG. Acetate buf- 
fer, 0.1 M, pH 4.0, n 0.02. 132 volts; 2 ma. Temperature 1.5°. .4, time = 4010 
seconds; B, time = 8120 seconds. The tails of the arrows represent starting points. 


In the variable solvent solubility test (14, 15), iiicreasmg amounts of 
ammonium sulfate are added to a constant volume of protein solution at a 
constant pH and temperature. After equilibrium has been reached, the 
precipitated protein is removed from each sample, and the protein concen- 
tration of the remaining solution is determined. 

Preliminary tests showed that filter paper was unsatisfactory" for separa- 
tion of the precipitated protein from the solution. Whatman Xo. 42 
paper, usually recommended for solubility" studies, was found to adsorb 
soluble protein from anmionium sulfate solutions. The same results were 
obtained with Whatman Xo. 5 paper. Furthermore, these papers add ul- 
traviolet-absorbing material to filtrates, complicating protein determina- 
tions. Becatise of these complications, centrifugation in the cold with a 
high speed Servall SS-1 centrifuge at 20,000 X g for 20 mmutes was used. 
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The details are as follows: After dialyzing the concentrated YPG against 
0.1 M acetate buffer (pH 5.0), increasing amounts of solid (NH4)2S04 were 
added to a series of carefully washed tubes. 15 ml. of the enzyme solution 
were added to each and tlie tubes were placed at 4° for 18 hours. The 
tubes were gentl}'' agitated several times. After centrifugation, the pro- 
tein concentrations of the supernatant, solutions were estimated at 280 mg. 
The results were corrected for dilution caused by the presence of the am- 
monium sulfate (14). The results, presented in Fig. 4, indicate two frac- 



Fig. 4 Fig. 5 

Fig. 4. Variable solvent solubility test of YPG concentrated by adsorption on 
pectic acid gel. 

Fig. 5. Specific property solubility test of concentrated YPG. The points rep- 
resent the solutions used in Fig. 4, but after diab'sis. Dialj’sis vas necessary since 
(NH 4 ) 2 S 04 interferes with enzyme activit.y. Correction was made for further dilu- 
tion caused by dialysis. 

tions. The minor fraction starts to precipitate near 0.2 saturation, while 
the major component is salted out between 0.8 and complete saturation. 

Specific Property Solubility Test of Concentrated YPG — The specific prop- 
erty solubility test (16) is an extension of the variable solvent test and is 
conducted with the same solutions. Its main purpose is to determine 
which of the protein components has the enzymatic activit 3 ^ Activities 
were estimated with pectic acid as substrate and plotted against the pro- 
tein concentration, all with the proper corrections for dilution (Fig. 5). 
If one of the fractions represents pure YPG, a linear relation should be 
found between protein concentration and enzyme activity. The presence 
of inert impurities is indicated by vertical sections representing the salting 
out of components having no enzyme activity. Fig. 5 indicates that t lo 
breakdown of pectic acid is carried out by the major component. / 
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though the points on the upper portion of the curve (where the minor com- 
ponent precipitates out) do not lie directly on a vertical line, the random 
distribution of these points and the lack of any general trend toward en- 

Tahlr II 

Ihjdrohjsis of Three Urnnidc Substrates by YPG Solutions from Various Parts 

of Salting Out Curie 


Activities, (PGu) pet ml.* 1 Ratios of activities 


Saturation 
of sample 

Pcclic acid 

X 10 

(A) 

Tctragatac- 
turonic acid 
X 103 

(B) 

[ Trifrabc- 
; turonic acid i 
' X lOi j 

! (o j 

(B) 

(A) 

(C) 

(B) 

fC) 

(A) 

0 

1.26 

4.95 

i S.72 ' 

0.039 

O.OIS 

0.00069 

0.300 

1.37 

4.S9 

1 S.S6 

0.0.36 

O.OIS 

0.00065 

0.700 

1.36 

o.Tl 

9.5.5 

0.042 

0.017 

0.00070 

0.875 

0.66 

2.46 

‘ 4. So 

0.037 

0.020 

0.00073 


* See asterisk foot-note in Tabic 1. 



Fig, 6. Ultracentrifuge pattern of YPG in phosphate buffer, pH 6.3; /i 0.21 at 
59,780 r.p.m. The photographs were taken at S minute intervals. 


zjnne loss implj^ that this less soluble component does not degrade pectic 
acid. 

The slope of the YPG component enables us to predict that the specific 
activity of pure YPG would be 0.179 (PGu) per mg. of protein. The rea- 
son for the curve failing to go through the origin is not known. 

Unienzymatic Nature of YPG — Since the major component possesses the 
pectic acid-degrading actmty, it was important to determine whether the 
same enzjnne is also responsible for the acti\'ity on tetra- and trigalacturonic 
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acids. To do this, four of the dialyzed solutious from the specific property 
solubility test were alloAA'ed to act on tliese tA\'o uroaide.s. The results 
are shown in Table II. On all these substrates, the greatest drop in 
activity occured between 0.7 and 0.875 saturation, corresponding to the 
salting out of the major component. Furthermore, a faiity constant ratio 
among the activities on the three substrates was found, demoiistrating that 
the h 5 ''drol 5 '’sis of pectic acid and tetra- and trigalacturonic acids is caused 
by a single enzyme. 

UUracentrifiigation — ^The material used for anabasis in the ultracentrifuge 
was that which precipitated between 0.45 and full saturation. Fig. 6 
shows that the protein moved as a .single bouzidaiy. The sedimentation 
constant was about 4.1 at 20°, indicating a rather small molecular Aveight 
(60,000 to 100,000, depending on the shape of the molecule and other in- 
formation Avhich is still lackijjg). Anotlier j-im Avas juade in acetate buffer, 
pH 4.0, ju 0.2, also indicating a single boundaiy. 

DISCUSSION’- 

It is of interest to compare yeast potygalacturonase AAuth other pectic 
enzyme preparations described in the literature. Our results haA'-e shoAvn 
that 3. fragilis in standing cultures in a synthetic mediuzn appears to pro- 
duce a single extracellular pectic enzyme from glucose as carbon source. 
This enzyme, constituting about 95 per cent of the protein in the medium, 
catalyzes a gbrnosidic hj'-drolysis of pectic acid to a mixture of digalac- 
turonic acid and galacturonic acid (1), The British group (2, 3), usmg 
A. foetidus, found that tAvo pectic enz3'-mes are produced AA’hen groAvn in a 
submerged culture. Enz3nne la can h3^drol3^ze pectin or pectic acid to 
"intermediate polyuronides” (optimum pH 5.3) and 'Enzyme Ib catalyzes 
the breakdoAAui of pectic acid to a mixture of tri-, di-, and galacturonic 
acids (optimum pH 3.5). The3f^ claim to haA'-e obtained Enz3nne Ib fi’cc 
from Enz3mie la by inacthmting the latter at 60° for 30 minutes. En- 
zyme Ib may be similar to YPG, although the former’s optimal pH is loAver 
for the initial part of the reaction (cf. (1)) and trigalacturonic acid is an 
end-product. This last claim, hoAvever, is not entirety conAdneing. The 
authors presented a graph shoAAdng the action of their enzyme on pectic 
acid (3). When the experiment AAms terminated at 150 hours, galacturonic 
acid was still being produced. Considering the fact that YPG attacks 
pectic acid 1500 times as rapidb'' as it hj'-drob'-zes the trimer, it is possible 
that the time Asms not long enough for the trimer to disappear. Saito 
(17), Avorking AAdth submerged cultures of A. niger, also found a complex of 
various pectic enzymes. A “depotymeric pob^galacturonasc” (DPG) as 
formed as a constitutive enzyme 133’- the fungu.s, accompanied by greater 
or smaller quantities of other pectic enzymes, depending on the presence 
of certain inducers. Tlie depolAunej-ic po)3'galactui-onaso AA-a.s separa cc 
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from the other eiiz\'mes bj- adsorption on filter paper and the properties 
reported appear to be quite similar to those of YPG, except that the end- 
products rvere found to be tri-, di-, and galacturonic acids. However, in a 
recent personal communication, Saito indicated that his DPG is probably 
identical ndth YPG and that the finding of trigalacturonic acid as an end- 
product may have been based on its very slow hydrolysis. Finally, the 
iS-PG found b}' Schubert (18) in a mixture of r'arious fungal pectic enz 3 ’'mes 
and a polj’galacturonase I observed bj' Ozawa (19) in a mj'celial extract 
of RInzopus iritici also appear to resemble YPG, although these two en- 
z 5 Tne preparations have not been studied in detail. 

In spite of the finding that most preparations of fungal pectic enzjmies 
are mixtures of polj'galacturonases with distinctlj’^ different properties, 
claims that “potygalacturonase,” in the more general sense, consists of 
various components working together to convert pectic acid to the end- 
product monogalacturonic acid seem to be rather speculative. In this 
connection, IMcCreadj'- and Seegmiller (20) showed that drastic purification 
of Pectinol lOOD failed to change the ratio of its actirdties on polj'galac- 
turonic and digalacturonic acids. Furthermore, the erddence obtained 
with YPG shows that at least the breakdown of pectic acid to digalac- 
turonic acid can be accomplished bj"- a single protein. 

SUJUIARY 

The investigations have shomr that Saccharoimjces fragilis, when grown 
in a S3Tithetic medium with glucose as the carbon source, secretes a single 
pectic enz 3 'me in nearl 3 '^ pure form into the culture liquid. Yeast poty- 
galacturonase was concentrated about 13-fold b 3 '- adsorption in the cold on 
pectic acid gel, followed b 3 ^ elution with 1 jr acetate buffer at pH 5.0. 
Electrophoretic analysis and the variable solvent solubilit 3 ’- test of concen- 
trated YPG showed that a minor fraction (5 per cent, salting out near 0.2 
saturation vdth (HH 4 ) 2 S 04 ) and a major fraction (95 per cent, salting out 
between 0.8 and complete saturation) were present. A specific propert 3 ’^ 
solubilit 3 ’^ test showed that only the major fraction had pol 3 'galacturonase 
acthdt 3 x The ratios of the acthdties of various supernatant fractions on 
pectic acid and tetra- and trigalacturonic acids were constant after salting 
out, indicating that a single enz 3 Tne is responsible for the breakdown of 
pectic acid to digalacturonic acid. The specific activit 3 ’- of pure YPG 
was estimated to be 0.179 (PGu) per mg. of protein. Ultracentrifugation 
showed that the major fraction moved as a single boundaiy. The rela- 
tion of YPG to other pectic enz 3 Tnes has been discussed. 

The authors are indebted to Dr. :M, Doudoroff for his valuable sug- 
gestions and the use of liis laboratory for part of this work and to Dr. H. 
K. Schachman for the ultracentrifuge patterns of YPG. Grateful ac- 
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knowledgnient is also made to the Department of Bacteriology at Davis, 
California, for the use of its facilities for some of the experiments. 
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THE TURN0'\T5R OF LH^R GLYCOGEN IN OBESE 
HYPERGLYCEMIC IMICE* 
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The status of our information on gl 3 ’cogen turnover has been succinct^ 
evaluated Russell as follows; “At present, data on the rates of glj^cogen 
turnover are fevr and unsatisfactorj', even for the tissues of normal animals. 
jMost of our conclusions about regulation of processes concerned in this 
turnover must then be inferred from changes in the quantities of gtycogen 
present in the tissues in different circumstances” (1). This situation is aU 
the more surprising since the rate of turnover of hver gtycogen is obYnousty 
a major characteristic of carbohj'drate metabolism in anj-- tjqie of animal. 
Actuall}’', onlj^ one attempt at determining directN the timiover rate of 
hepatic glycogen could be found in the literature. This attempt, per- 
formed bj’’ Stetten and Boxer (2) in 1944, was made on rats whose bod 3 ’- 
fluids had been enriched with deuterium. Onl 3 ' six animals were used. 
A value of 1 da 3 " was obtained for the half life of liver gtycogen. 

In a recent study Stetten and Stetten (3) attempted to follow the re- 
generation of glycogen in the intact rat b 3 ' measuring the deca 3 ’^ of C^^- 
labeled gl 3 ’'cogen and the proportion of radioacth’it 3 ’’ contained in the 
peripheral and inner tiers. They were able to demonstrate that gl 3 ’-cogen 
is metabolically as well as structurally inhomogeneous, a fact which could 
be predicted on theoretical grounds from the results of Cori and coworkers 
(4^6) . Regeneration of gl 3 ^cogen takes place more rapidb’’ in the periph- 
eral tiers than in the central core, a phenomenon probabl 3 ' ascribable to 
the tree-like structure of gtycogen (7) and the dependence of this regener- 
ation on the relative rates of three enz 3 matic reactions. However, the 
data of Stetten and Stetten comprised so few animals, and the absolute 

* Supported in part by grants-in-aid from the National Institute of Arthritis and 
Metabolic Diseases (grant No. A-49), National Institutes of Health, Public Health 
Service, the Sugar Research Foundation, New York, the Kellogg Company, Battle 
Creek, Michigan, and the Nutrition Foundation, Ine., New York. 

t The data in this paper are taken from a thesis presented to the Di\’ision of 
Medical Sciences, the Graduate School of .\rts and Sciences, Harvard University, in 
parti.al fulfilment of the requirements for the degree of Doctor of Philosophy in the 
subject of biochemistry. Part of this work performed during term of a Predoctoral 
Research Fellowship of the Public Health Ser\-ice, National Heart Institute, National 
Institutes of Health, Bethesda, hlarj-land. 

SS5 



886 


LIVER GLYCOGEN TURNOVER IN OBESE MICE 


amount of counts retained, as well as the specific activity of the glycogen, 
varied so erraticallj'’ during the decay period that a calculation from their 
results of the rate of turnover of liver gl 5 '-cogen during that period is im- 
possible. 

The obese hyperglycemic syndrome is due to the mutation of a single 
homozygous recessive gene and the expected ratio of non-obese to obese 
mice of 3: 1 is observed. It arose in the V stock house mouse of the Ros- 
coe B. Jackson Memorial Laboratoiy, Bar Harbor, jMaine, in the summer 
of 1949 (8). In addition to lyperglycemia and obesitj’’ these mice are 
characterized by increased lipogenesis even during fasting (9), h 5 T)er- 
phagia (10), hypercholesterolemia (11), and hyperplasia of the pancreatic 
islands of Langerhans with greatly increased amounts of depot insulin (12). 
The hyperglycemia of these mice appears to be the most fundamental dis- 
turbance, since such major disturbances as increased insulin production 
and increased lipogenesis are explicable in terms of it. 

It was of interest in the analysis of the nature of the lyperglycemia to 
determine the rate of hepatic glycogen turnover in the obese animals as 
well as their controls. The results concerning the non-obese animals 
would of themselves be of interest in view of the paucity of such data. To 
facilitate the interpretation of glycogen amounts and concentration, some 
data were also included pertaining to gold thioglucose-obese mice (13), a 
form of obesity which can be induced in Swiss mice or in thin litter mates 
of genetically obese animals and which is not accompanied by h 3 ’'pergly- 
cemia (14) or by abnormal lipogenesis (9). The procedure consisted of 
follo'wing the incorporation of uniformlj’- labeled C^^-glucose into glycogen. 
It was felt that at least on a comparative basis such a procedure was legiti- 
mate, especially in view of the facts that blood volume, total body water 
(15), and oxygen consumption (16) are of a similar order of magnitude in 
obese and non-obese animals. To base the study on decay rather than on 
incorporation not only would have necessitated much larger doses of the 
expensive glucose-C*^, but also would have been complicated by resynthe- 
sis of glycogen from the released glucose. It must be noted, however, that 
because turnover was studied under conditions of incorporation while the 
blood concentration of labeled glucose was declining the usual methods of 
calculation of rates had to be modified. 


EXPERIMENTAL 

Fifty-one mice, twelve female and thirteen male obese hj^perglycemic 
and twelve female and fourteen male non-obese litter mates, which were 
maintained prior to and during the experimental periods on wmmercia 
laboratory chow, were used in these studies. The method 0^^°° ^ ( 

(17) was used for extraction and hydroi 3 ’-sis of the glycogen. Criuc 
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terminations on the glycogen hydrolysates were carried out by the method 
of Somogyi (IS) according to the colorimetric procedure of Xelson (19). 
Blood sugar determinations were pci-formed bj* the same method, ^'allies 
for six gold thioglucose-obese male Swi.'js mice are also included for com- 
parative purposes. These mice were sur\-ivors from a group of Swiss 
mice which had been injected G months previously M-ith 1 mg. of gold thio- 
glucose per gm. of body weight (LD50). The gold tliioglucose was dis- 
solved in water and injected intraperitoneallj- (20). -\t the time of injec- 
tion the mice weighed between 20 and 25 gm. The average amounts of 
glycogen for the obese hyperglycemic and non-obese mice and for the gold 
thioglucose mice are given in Table I. Thej' are expressed as mg. of glu- 
cose per 100 mg. of wet liver (per cent) and as mg. of glucose per total wet 
hver weight. The turnover of liver glycogen was measured by the amount 


Table I 

Leiels of Liver Glycogen in Fed Obese Byperglyccmic Mice and Their Siblings 
and Gold Thioglucosc-Obcsc Svriss Mice 


Tj*p€ of mouse 

^ Xo of 
mice 

Body wei 

ght* 

i 

Liver gl>co;en* 

Total U\er 
gl> cogen* 

Obese hj-perglycemic 

25 

gm. 

54 ziz 

8 

per cent 

3.72 ±1.49 

r-S 

91 ± 49 

Ison-obese siblings 

26 

28 ± 

5 

3.20 ± 1.37 

43 ± 22 

Gold thioglucose-obese 

6 

60 ± 

s 

4.0s ± 1.13 

89 ± 24 


* Mean ± standard deviation. 


of glucose-C“ incorporated into the liver glycogen. Each mouse received 
from a syringe pipette 0.25 cc. of an aqueous solution containing approxi- 
mately 2 X 10® c.p.m. of uniformh^ labeled glucose-C“ by intraperitoneal 
injection at time zero and was killed by a blow on the back of the head 
after an interval of from 0.5 to 4.0 hours. The activitj* of the glucose-C'^ 
was approximately 0.5 pc. per mg. The quantity of glucose-C’^ injected 
was less than 1 mg. and did not significantlj^ affect the blood sugar levels. 
The livers of the mice were quickly excised and weighed in fared Erlen- 
meyer flasks contaiiung 5 cc. of 35 per cent KOH. After complete diges- 
tion the contents of the flasks were transferred quantitatively to 10 cc. 
volumetric flasks and made up to volume with 35 per cent KOH. 2 cc. 
aliquots of these digests were used for chemical determination of the 
amounts of glycogen. For the determinations of radioactmtj- 4 cc. ali- 
quots of the KOH digest were used and the glycogen was purified by etha- 
nol precipitation according to the method of Good el al. After the final 
precipitation the glycogen was dissolved in water and transferred quanti- 
tatively to 10 cc. volumetric flasks which were adjusted to volume with 
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water. Duiilicatc 1 cc. aliquots of the glycogen solutions were pipetted 
into planchets and the glycogen was plated hj’- evaporation of the water 
with an infra-red lam]). Tlic C" radiation ivas analj^zed witli a thin end 
window Geiger counter. All glycogen samples were counted for sufRcient 
time to reduce the probable eri’or to less than 5 per cent. The activities 
per mg. of glycogen (specific activities) at assay periods of from 0.5 to 4.0 
hours for the obese and non-obesc mice arc listed in Table II. These values 
were corrected for the number of counts per minute of glucose-C^^ injected, 


Table II 

Turnover of Liver Glyeogen in Fed Obese Ilyperyhjccmic Miee and Their Siblings 
As Measured by Incorporation of Glucosc-C^^ 


Assay period 

No. of mice 

Activity per mg. glycogen* 

Activity per gm. liver* 

Activity per total 
glycogen* 



Obese 


hrs. 


c.p.m. 

c.p.m. 

c.p.m. 

0.5 

3 

4.7 ± 2.3 

102 ± 37 

220 ± 101 

1.0 

4 

13.6 ± 12.7 

191 db 165 

1024 db 1189 

2.0 

5 

28.9 ± 24.7 

1193 ± 982 

2910 ± 2652 

3.0 

7 

60.9 ± 43.3 

2933 ± 2547 

5962 ± 4007 

4.0 

6 

/ . / zfc 4.3 

231 ± 164 

767 ± 883 

Non-obese 

0.5 

3 

3.1 ± 0.9 

130 db 35 

156 ± 25 

1.0 

5 

6.6 db 4.6 

289 ± 235 

463 ± 439 

2.0 

6 

22.5 ± 26.6 

752 ± 953 

762 ± 664 

3.0 

7 

54.6 ± 66.9 

1096 ± 1161 

1283 ± 1294 

4.0 

5 

7.2 db 6,4 

118 ± 98 

145 ± 94 


* Mean ± standard deviation. 


for glj'^cogen self-absorption, and dilution of the glucose-C^'* by the blood 
sugar. Inasmuch as the experiment extended over a period of several 
weeks, a number of different solutions containing only approximately the 
same activity of glucose-C^^ per cc. were prepared and used. The specific 
activities of these different glucose-C'’ solutions were determined on an 
aliquot equal to that injected into each animal and a correction to a stand- 
ard value of 2 X 10^ c.p.m. injected was made. Specific activities were 
corrected for glycogen self-absorption to a standard weight of 1 mg. Fi- 
nally, since the blood volumes of the obese and non-obese mice have been 
found to be equal (15) while the blood sugar levels are unequal, a correc- 
tion in the specific activities for the dilution of the glucose-C’^ by the bloo 
sugars of the two groups of mice was also made. The mean blood sugai 
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of a group of 107 obese mice was 178 ± 47 mg. per cent and the mean 
blood sugar for a group of 73 non-obese mice was 110 ± 19 mg. percent. 
In addition to specific activitj* the results of the incorporation of glucose-C“ 
into glycogen were expressed as actixdty per total glycogen and actix-itj- 
per gm. of liver. 

The linear regression coefficients listed in Table III were calculated from 
the indi\-idual values for glucose-C* incorporation by the “method of least 
squares” with the exception of those for specific activity. ' These were cal- 
culated from the regression coefficients for total glycogen actixdty. The 
data for specific actixdty were not used because of the great variabihtj' in 
these values and the association in some cases of high specific acth-ities 

Table III 

Regression Coefficients for Glucose-C'^* Incorporation into Liver Glycogen in 
Obese Hyperglycemic Mice and Their N on-Obese Siblings 


Type of mouse 

Assay 

period 

Aclivitj* perms. S 

lycosen 

ActiWty per em- liver 

Activity per total glycogen 

Slope* 

‘V' io- 
tcrcept 

Slope* 

inter- 

cept 

Slope* 

‘y* in- 
tercept 


hrs. 

c.p.TK. per hr. 


c.p.m. per hr. 


c.p.n. per kr. 


Obese . . 


25.9 ± 14.2 

-14.4 

1218 ± 3S4 

mi 


-1306 


SQjn 

-53..3 zh 17.9 

220.S 

-2702 i 1049 


-5195 i 180S 

21551 

Non-obese - 


10.0 ± S.7 

-0.6; 397 dr 192 

-78 

429 i 193 

-28 

ft 


-47.4 ± 30.4 

196.8 

-981 ± 527 

3794 

-1139 ± oSS 



* ± standard error. 


■with high levels of total glj'cogen. Since the calculation of the slopes of 
the most probable straight lines required full use of all the data, a better 
statistical evaluation could be obtained by comparing the differences be- 
tween the slopes than bj' comparing the differences between means at indi- 
\-idual time periods. The latter embodied all points at onh' one time in- 
terval, while the former embodied all points at all time interx'als studied. 

The blood sugar and liver glycogen levels listed in Table R' were ob- 
tained from obese hjqjerglj'cemic and non-obese control mice, which were 
non-fasted and subjected to various periods of fasting. In addition one 
group of obese hj’perglycemic mice was maintained ad libitum for a pe- 
riod of 2 weeks on a high fat carbohvdrate-free diet pre-\-iousl 3 ' described 
( 11 ). 

The levels of muscle glycogen given in Table "i' were obtained from a 
group of twelve mice consisting of equal numbers of male and female obese 
and non-obese mice. The animals had been maintained on laboratorx* 
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chov prior to the experiment. Gl 3 ’^cogen determinations were pei’formed 
on the hind leg muscles in each case. 

I?csidfs 

The levels of liver gl 3 '’cogen in the obese h 3 '^pergl 3 rcemic and non-obese 
mice are listed in Table I. Comparative data for levels of liver gl 3 '’cogen 
are also listed for gold thioglucosc-obese Swiss mice. These data revealed 


Taulk IV 

Effects of Carhohydratc-Frec Diet and Various Periods of Fasting on Blood Sugar and 
Liver Glycogen Levels of Obese Hypcrghjccinic Mice^and Their Non-Ohese Sihlinqs 


Type of mouse 

No. of 
mice 

Treatment, hr-^. 
fasted 

pretreatment 
blood sugar* 

Posttreatment 
blood sugar* 

Posttreatment 
liver glycogen* 

Total posttreat- 
ment liver 
glycogen* 

1 

] 



mg. per cent 

mg. per cent 

per cent 


Obese 

8 

12 

184 ± 51 

134 ± 65 

2.24 ± 1.12 

36.2 ± 20.2 


8 

24 

1 361 ± 94 

i 184 ± 101 

|0.78 db 0.42! 

14.6 ± 10.0 

It 

7 

48 

356 ± 88 

151 ± 52 

0.67 ± 0.52 

11.2 ± 8.7 

Non-obese. . 

; s 

24 

152 ± 32 

94 ± 34 

0.20 db 0.19 

2.2 ± 2.3 

Obese 

6 

CHO-free 
diet lll)t 

236 ± 101 

261 ± 115 

4.37 ± O.SO 

98.9 dr 23.9 


* Mean ± standard deviation, 
t Bibliographic reference No. 


Table V 


Level of Glycogen of Hind Leg Muscle of Fed Obese Hyperglycemic Mice 

and Their Siblings 


Type of mouse (6 each) 

Body weight* 

JIuBcIe glycogen* 


1 

m- 1 

per cent 

Obese ... 

o8 zt: 9 

0.203 dr 0.041 

Non-obese . 

32 dr 2 

0.126 dr 0.044 


* Mean ± standard deviation. 


that, while the percentage of liver glycogen was similar for the obese hyper- 
glycemic mice and their controls, the total quantities of glycogen were 
ver 3 '’ dissimilar. The average liver weight for the twenty-five obese hyper- 
glycemic mice was 2.45 gm. compared to 1.34 gm. for the non-obese mice. 
The mean liver weight of the six gold thioglucose-obese mice was 2.18 gm., 
a value similar to that found for the obese hyperglycemic mice. The aver- 
age value of 89 mg. of total glycogen also compared closely with the average 
value of 9l mg. of total glycogen for the obese hyperglycemic mice. These 
results indicated that a greater functional liver mass and total glycogen 
were probably characteristic of obesity in general in mice and not a unique 
characteristic of the obese hyperglycemic mice. This is further su rs an- 
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tialed by the finding that a group of eight mice made obese by hypotha- 
lamic lesion with a mean body weight of 55 gm. had a mean liver weight 
of 2.23 gm. (21). 

The results of the glycogen turnover study in the twenty-five obese 
hyperglycemic mice and the twenty-six non-obese siblings are given in 
Tables II and HI. Inspection of the specific actufity data in Table II 
indicated that both obese and non-obese mice reached a peak incorporation 
of glucose-C” into liver glycogen at the 3 hour test period. The rate of 
incorporation decreased sharplj"- after 3 hours and at the 4 hour period was 
comparable to the incorporation at 0.5 hour in the obese and at 1.0 hour in 
the non-obese. Comparison of the slopes of the specific activities for the 
obese and non-obese mice listed in Table III indicated that the rate of 
turnover of glj'^cogen per molecule was 2.5 times as great in the obese as in 
the non-obese group. 

Comparison of the actmties in the total glycogen in the obese and non- 
obese mice fisted in Table II showed that the obese animals incorporated 
considerably more glucose-C“ into liver glycogen per animal in all assay 
periods. Table III fists the slopes of the most probable linear values for 
these incorporations. From 0.5 to 3.0 hours the obese mice incorporated 
2352 c.p.m. per hour compared to 429 c.p.m. per hour during the same time 
interval for the non-obese mice. The difference between these slopes 
was found to be highly significant (p < 0.01). 

In view of the fact that the obese mice had a greater amount of total 
glycogen than the non-obese mice, it might be argued that the}’’ would be 
expected to show a greater incorporation of glucose-C‘^ per animal than 
the non-obese. To determine to what extent this increase in incorporation 
was dependent on fiver size, the results were also expressed as actmty per 
gm. of fiver. The acthdties per gm. of fiver at the various assay periods 
for the obese and non-obese mice are given in Table II. These results 
showed that, although the differences between actmties per gm. of fiver 
were not as great as those between activities per total glycogen, the obese 
mice still incorporated more glucose-C*^ per gm. of liver than the non-obese 
mice at most assay periods studied. Comparisons of the slopes calculated 
for the most probable straight fine for these incorporations per gm. of fiver 
from 0.5 to 3.0 hours fisted in Table III indicated that these slopes were 
significantly different (p < 0.05). It was inferred from these values of 
1218 and 397 c.p.m. per hom per gm. of fiver for the obese and non-obese 
mice, respectivelj’^, that the glycogen turnover per unit of fiver weight, or 
alternatively per fiver cell,i was 3 times as great in the obese as in the non- 
obese mice. 

' Unpublished data of S. B. Andrus indicate that no significant difference in the 
size of parenchymal liver cells can be seen in histological comparisons of obese and 
non-obese liver cells. 
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llie liver gl^’^cogen and blood sugar levels of obese mice maintained on 
carbohj^drate-free regimens and various periods of fast are shown in Table 
IV. These data indicated that although carboh3^drate alimentation was 
eliminated for a period of 2 weeks the obese mice were still able to maintain 
liver glj'’cogen and blood sugar levels comparable to those seen in animals 
maintained on carbohj’^drate-containing chow diets. Inspection of the re- 
sponses of the obese mice to various periods of fasting showed a progressive 
decrease in blood sugar and liver gl^’^cogen levels with increased duration 
of the fast. At the end of 48 hours of fasting the mean blood sugar level 
of the obese mice was in the range of the Ijlood sugar level of fed non-obese 
mice. When comparisons were made between the obese and non-obese 
mice fasted for 24 hours, it was found that the blood sugar of the former 
group had decreased b3" 49 per cent and the latter group b3^ 38 per cent. 

The levels of gl3rcogen in a group of representative skeletal muscles of 
the Bar Harbor mice are presented in Table Y. Comparisons of the levels 
of muscle gl3mogen in the two groups showed that the obese mice had sig- 
nificantly higher (p < 0 . 05 ) levels than the non-obese. 

DISCUSSION 

The similar levels of blood sugar and liver gl3’-cogen maintained by the 
obese hyperglycemic mice when subsisting on either carbohydrate-con- 
taining or carbohydrate-free diets indicated that a dietaiy source of carbo- 
hydrate was not necessary for maintenance of blood sugar and li^^er gl3’'C0- 
gen in these animals. A consideration of these facts argued against the 
hyperglycemia of these obese mice being caused b3’’ their increased carbo- 
hydrate intake. This is further substantiated b3'' the observation that 
hypothalamic obese mice ( 22 ) and gold thioglucose-obese mice ( 13 ), which 
are more h3'^perphagic than the geneticall3'- obese mice, are not h3'’pergl3’’- 
cemic ( 22 , 14 ). 

The utilization of endogenous carboh3'^drate, especially the blood sugar, 
by the obese h3'-pergl3'-cemic mice during periods of fast was of interest. It 
indicated that, although the blood sugars normally exhibited b3^ the obese 
mice were elevated when compared to their non-obese litter mates, homeo- 
stasis probabl3’' obtained at these hypergl3'-cemic levels just as it did at the 
lower levels in the non-obese mice. 

The significantly higher levels of muscle glycogen in the obese mice com- 
pared to their controls indicated certainl3'- no impairment in their abilit3" to 
store glycogen in the skeletal muscle mass. The greater amounts of gb'’- 
cogen exhibited b3’- the obese mice ma3'- have been due to their greatb’’ de- 
creased spontaneous exercise ( 23 ). These results decreased the likelihood 
that epinephrine was involved in the diabetes of the oliese mice. In hypei- 
secretion of epinephrine one would expect lower than normal levels of 
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muscle glycogen. The effects of epineplirine on the obese mice -u-ill be 
discussed in more detail in a snbsecpient publication. 

Since the primary endogenous source of the blood glucose is the liver 
glycogen, the turnover rates of gl 3 ’cogen would be expected to be inti- 
matelj" connected vith the maintenance and turnover of these blood 
glucose levels. The greatlj'- accelerated turnover of the total glycogen and 
glycogen per gm. of liver in the obese mice compared to that in the non- 
obese controls was, therefore, of particular importance. It has been shown 
above that about 6 times as manj’^ counts were incorporated in 2.5 hours in 
the obese as in the non-obese mice. The hvers of the obese animals were 
about twice as large as those of the non-obese animals and the turnover of 
glj’cogen per gnr. of liver was 3 times as great in the former group. Since 
the quantities of gli^cogen per gm. of tissue were similar in both groups, the 
amounts of glj-’cogen at a cellular level were also similar. The sjmthesis 
and degradation of this amount of gljmogen were therefore taking place 
3 times as fast in the Uver cells of the obese as in the liver cells of the non- 
obese mice. 

The usual methods of calculation of rate of turnover and half life of 
metabolites cannot be appUed here, as both incorporation and decaj’- take 
place not against a constant level of labeled glucose, but against a de- 
creasing gradient. Under the usual conditions with a constant concen- 
tration of label, incorporation and decaj' should take place at approxi- 
mately the same rate. Under the conditions encountered here of a 
constantly decreasing concentration of label, it would be expected that 
incorporation which takes place while the amount of circulating glucose-C“ 
is high would cover a longer period than decay which takes place when the 
amount of circulating glucose-C^* is much smaller. This is in fact what 
was obser\’^ed. In both obese and non-obese animals the rate of decaj' was 
approximate^ twice as great as the rate of incorporation. 

While the classic equations do not apply in this case, it is still possible to 
calculate at least an order of magnitude of the rate of turnover. It has 
been obser\^ed that when 2 X 10’ c.p.m. are injected, the obese animals 
incorporate a maximum of about 6 X 10* c.p.m. or 3 per cent of the total 
counts injected. The non-obese mice incorporate approxunatelj’ 0.6 per 
cent of the total counts administered. As the weight of glucose injected 
was small enough to leave the blood sugars of fed animals imchanged, it 
may be legitimate to assume that the fate of these labeled molecules was 
representative of that of ingested glucose molecules. The obese mice con- 
sumed 6 gm. per day of a diet containing two-thirds of its calories as carbo- 
hydrate. If 3 per cent of the ingested carbohydrate was incorporated into 
liver glycogen, this would correspond to 120 mg. per day. Similarly, the 
non-obese mice who ate 5 gm. of this diet daily would have incorporated 
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20 mg. per day into their liver glycogen. On a per cent basis, the obese 
animals were turning over approximate!}’' 140 per cent of their liver glj’co- 
gen per day, while the non-obese mice were turning over about 50 per cent. 
These figures correspond to 5 mg. and 0.83 mg. per hour being turned over 
by the livers of the obese and non-obese mice, respectively. Tliis would 
correspond to 6 and 2 per cent, I'espectively, of the Jii’er gl 3 ’cogen being 
turned over per hour and half lives of approximate!}’ 12 and 36 hours, 
respectively. 

The values calculated for the half lives of liver glycogen are only rough 
approximations, since the assumption that the fate was the same for both 
intraperitoneally administered and orally ingested glucose was probably 
not strictly true. Further, handling and injecting the mice may have 
caused some epinephrine release which, due to its glycogenolytic effect, 
would decrease the incorporation of labeled glucose into liver glycogen. 
However, these limitations do not affect the validity of using the half lives 
for comparison purposes between the two groups. The value for the half 
life of liver glycogen in the non-obese mice was of the same order of magni- 
tude as the half life of liver glycogen in rats reported by Stetten and Boxer. 
It appears from the findings on mice presented here and the results re- 
ported by Stetten and Boxer for rats that in fed animals the liver glycogen 
is relatively inert. During fasting, the liver glycogen is rapidly depleted to 
low levels, but as the fasting progresses the levels may be partially restored 
toward fed levels due to gluconeogenesis. If such conditions obtain, it 
might be predicted that fasting would cause an accelerated turnover of 
liver glycogen. 

The marked differences between the diabetes of the obese mice and the 
diabetes due primarily to a lack of insulin are especially worthy of com- 
ment. In diabetes due primarily to a lack of insulin, such as that pro- 
duced by destruction of the pancreatic ;S-cells with alloxan in experimental 
animals, there is both underutilization and overproduction of glucose (24- 
27). The results obtained on the obese mice presented a very different 
picture. The rapid decrease in blood sugar in response to fasting and the 
accelerated glycogen turnover indicated a faster than normal uptake of 
blood glucose. These factors, combined with the accelerated lipogenesis in 
these animals, indicated that there was actually overutilization of glucose 
in these animals in contrast to the underutilization observed in alloxan- 
diabetic animals. The maintenance of blood sugars of the same mag- 
nitude on carbohydrate-free diets as on diets containing carbohydrate 
indicated that there was also some overproduction of glucose. This over- 
production probably was not too large, since it failed to prevent the 
blood sugar levels from decreasing during fasting. It is thus apparent 
that in these two types of diabetes, both characterized by liyperglycemia 
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and glycosuria, the metabolic characteristics are ver3' dissimilar. Homeo- 
stasis in the metabolic processes regulating the blood sugar obtains in the 
obese hj'pcrgh'cemic mice, wliile it does not obtain in the alloxan-diabetic 
animal. It is further evident that the metabolic picture in diabetes can- 
not be inferred from the blood sugar levels. 

SUMXUnY 

1 . The levels of liver gh’cogcn per gm. of liver were similar in the obese 
hj'perglyccmic mice and their non-obese controls, but the former group 
had more than tndee as much total glj'cogen. The greater total gh'cogen 
was due to the greater liver mass of the obese hj-pergl3'cemic mice. Mice, 
made obese b3' gold thioglucose, with livers of comparable size to those of 
the obese h3'pergl3'cemic mice also showed greater total gl3'cogen le\-els. 

2 . The levels of gh'cogen in representative skeletal muscles were sig- 
nificanth’ liigher in the obese h3'pergl3'cemic mice than in their non-obese 
controls. 

3 . The turnover of liver gl3'cogen as measured b3' the incorporation of 
uniforml3’ labeled glucose-C'^ was approximateh' 6 times as great per total 
gl3'cogen and 3 times as great per gm. of liver and per mg. of gl3'cogen in the 
obese h3'pergl3’cemic mice as in their controls. 
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